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ABSTRACT 
Due to rapidly changing climate and socio-economic conditions, many coastal areas 
are becoming increasingly vulnerable to internal and external risks of flooding. Low-
lying coastal mega-cities in Southeast Asia are widely recognized as hotspots of flood 
risk. The Bangkok Metropolitan Region is one of the largest coastal megacities in 
Southeast Asia that is challenged by the potential impacts of climate change and human 
activities expected over coming decades. The overarching aim of this research is to 
evaluate present and future flood risks due to the combined impacts of climate (sea-
level, rainfall regime and storm surge) and human (land subsidence and drainage 
capacity) factors in Bangkok Metropolitan region, Thailand. 
To design plausible future scenarios, flow and precipitation records were examined 
using the Log Pearson Type III frequency analysis approach. Land subsidence (LS) and 
sea level rise (SLR) scenarios were derived from historical records and published 
studies. Future flood risks (fluvial, surface water, and coastal) were modelled under 
various combinations of key drivers (SLR, storm surge, LS and increased river flow). 
The October 2011 flood in Thailand was used as a baseline event for coastal and fluvial 
flood modelling. Scenarios were designed with projections of LS and SLR to 2050, 
2080, and 2100. A two-dimensional flood inundation model (FloodMap) was used to 
derive coastal inundation depth, velocity and extent associated with each scenario. 
Coupled modelling of one-dimensional river flow (HEC-RAS) and two-dimensional 
flood inundation (FloodMap) was undertaken. Surface water flood modelling simulated 
the 2015 event in model calibration. A two-hour rainfall event that occurred in 2011 
was used as the baseline to derive future scenarios with increased precipitation of 
various return periods and topographies accounting for land subsidence. 
For each type of flood modelling, sensitivity analysis was first conducted to investigate 
the effects of mesh resolution and roughness parameters on model predictions. Results 
indicate that the model is sensitive to both resolution and roughness, but to various 
degrees, depending on the metrics used in the evaluation. Spatial metrics such as the 
Root Mean Standard Error, F and point depth are able to distinguish between model 
predictions and reveal the spatial and temporal derivations between simulations. The 
impacts of flood risk on critical infrastructure nodes (e.g. power supply, transportation 
network, rescue centres, hospitals, schools and key government buildings) were then 
evaluated under various scenarios. Overall, results suggest progressively increased 
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risks of coastal, surface water, and fluvial flooding to critical infrastructures over time 
from 2050, 2080 to 2100. Flood modelling of coastal and fluvial inundation processes 
suggests that the combined impacts of individual risk drivers is, in most cases, far 
greater than any of the individual factors alone.  
This study demonstrates that flood risks in coastal mega-cities like Bangkok must be 
evaluated in a holistic manner, taking into account multiple key risk drivers and 
considering the potential joint-occurrence of various types of flooding. Moreover, 
where numerical modelling was undertaken and infrastructure data are available, local 
hotspots of flood risks under various scenarios can be identified, allowing potential 
adaptation measures to be evaluated within the modelling framework developed.  
This research is the first to consider multiple flood risk drivers and interacting flood 
risks within a single modelling framework in the Bangkok Metropolitan Region. It will 
have long lasting legacy for flood risk management in the region and beyond, enabling 
more effective adaptation in a changing climate through: (i) raised awareness of 
multiple risk drivers and interacting flood risks for both the public and policy makers; 
(ii) further and more complete assembly of various data sets when they become 
available based on the template demonstrated in this study; and (iii) identification of 
hotspots of critical infrastructure and communities at risk using refined and alternative 
modelling approaches within the modelling framework developed in this study.  
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CHAPTER 1 
 
Introduction 
1.1 Background 
Many of the coastal mega-cities in the world, such as New York, London, Mexico City, 
Mumbai, Shanghai, Tokyo and Bangkok (Waltham, 2000; Nicholls et al., 2008; 
Syvitski et al., 2009), are exposed to multiple flood risks including river overflow, 
intense rainfall induced surface water flow, and coastal inundation. These physical 
drivers of flooding are expected to be exacerbated in a changing climate which is widely 
projected to be associated with more intense rainfall and rising sea levels for many parts 
of the world (IPCC, 2013). Historically, human settlements have favoured low-lying 
delta plains in the vicinity of rivers and coast, where flood risks pose the greatest threats. 
The trend of preferential settlement and development in such areas has continued over 
the past decades, with recent rapid urbanization seeing significantly increased exposure 
of human activities and assets to flood risks (Nicholls and Cazenave, 2010). In this 
context, understanding the combined impacts of climate and human related drivers of 
flood risks to coastal mega-cities is particularly important when preparing for future 
threats. 
Many coastal mega-cities in Southeast Asia are hotspots of flood risks (e.g. Bangkok, 
Manila, Shanghai) as they are often developed on low-lying terrains, located in a region 
vulnerable to tropical cyclones, exposed to a rising sea level (Syvitski et al.,  2009). In 
addition, some cities such as Hanoi and Jakarta face increased asset exposure on lands 
that are subsiding due to groundwater extraction and construction of high-rise buildings 
(Thu and Fredlund, 2000; Abidin et al., 2008). Despite the potential risks, until recently, 
due to the lack of high-resolution topographic data, limited flow and rainfall records, 
and lack of understanding of the natural and anthropogenic drivers, studies of flood 
risks have largely focused on past events. However, detailed studies of future flood 
risks in Southeast Asia coastal mega-cities considering all the main drivers have been 
rare.  
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One represented coastal mega-city facing increased flood risks is Bangkok, Thailand, 
which has a total population of 15 million. According to the Organization for Economic 
Co-operation and Development (OECD), Bangkok is ranked 7th in a list for population 
exposure in 2070 and 10th for property and infrastructure assets exposed (Nicholls et 
al., 2008). Due to its unique geographical setting, Bangkok is vulnerable to flooding 
from various sources, including fluvial (riverine), pluvial (surface water), and coastal 
origins. Fluvial flooding in Bangkok Metropolitan Region (BMR) is typically a result 
of precipitation in the upstream areas of the Chao Phraya River Basin, which can 
propagate to downstream low-lying areas where population and economic activities are 
concentrated. Direct precipitation in the low-lying floodplains can also cause surface 
water flooding, which is further exacerbated by the city’s inadequate and ill-maintained 
drainage system. When a fluvial or pluvial flood coincides with high tidal levels, the 
drainage capacity can be further compromised as flood water is unable to be drained to 
natural channels, resulting in greater damages. 
Key contributing factors to flood risks in the Bangkok Metropolitan Region include sea 
level rise (SLR), land subsidence, storm surge, and prolonged precipitation during the 
monsoon season. Socio-economic factors such as the rapid urbanization and economic 
development in the coastal area has also contributed to the increased exposure to flood 
risks. Moreover, perceived increases in high-intensity short-duration extreme rainfall 
events in recent decades place further pressure on the city’s infrastructure. Another key 
driver to consider in Bangkok is the alarming rate of land subsidence over the past few 
decades, which effectively compounds SLR and results in higher relative sea level.  
Technological development and scientific advances in recent years have seen improved 
understanding of individual contributing factors to flood risks in Bangkok, and 
consequently engineering measures taken in response to previous events. For example, 
high-resolution topographic data collected through the Light Detection and Ranging 
(LiDAR) technology, undertaken by the Thai government in 2012, are becoming 
available.  Detailed river cross sectional surveys have been completed by 2014. Several 
recent research studies have provided an overview of land subsidence in Bangkok, 
including both uniform and distributed land subsidence estimate across the city. The 
availability of LiDAR, river cross-sectional profiles, and land subsidence data has been 
Chapter 1 Introduction 
 
 
 
3 
improved the quality of topographic data used in the modelling, therefore model 
predictions.  
Despite these advances, to date, there have been few studies investigating the combined 
impacts of the main contributing factors on present and future flood risks, taking 
advantage of the latest development in data acquisition and numerical modelling 
techniques. In terms of modelling approach, the understanding of future flood risks in 
Bangkok has yet to benefit from recent advances in high resolution two-dimensional 
flood modelling, which is well suited for the investigation of scenario-based future flood 
risks accounting for multiple drivers.   
1.2 Research Aims and Objectives 
1.2.1 Research Aims 
The overarching aim of this study is: (i) to investigate the present and future flood risks 
associated with both climate-related drivers (precipitation and sea level rise) and 
anthropogenic drivers (land subsidence and drainage capacity); and (ii) to understand 
the present and future flood vulnerabilities of infrastructures associated with different 
scenarios.  
1.2.2 Research Objectives 
In order to achieve the above aims, four, specific objectives are identified: 
 
O1: To analyse river flow, precipitation and tidal records using statistical 
approaches in order to inform future scenarios design 
River flow, precipitation and tidal records will be analysed to detect the statistical 
pattern that may be present in the historical records. Statistical analysis of historical 
records will also allow the frequency of previous flood events to be derived, based on 
which future scenarios can be designed. Where data length is short, rather than 
determining the frequency of an event, sensitivity-based analysis will be undertaken 
whereby flow, tidal level and precipitation rates are scaled to account for climate 
variability and change. 
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O2: To derive land subsidence and sea level rise scenarios based on historical 
records and published studies in order to provide inputs to numerical modelling 
This objective sets out to collate current understanding of contributing factors to flood 
risks in the BMR including SLR and land subsidence, based on literature review. Global 
and regional projections of sea level rise will be collated and scenarios of SLR to be 
used in this study will be determined. Estimates of previous land subsidence rates in 
the city will be established in order to design future land subsidence scenarios. Both 
uniform and distributed land subsidence rate estimates will be presented.    
O3: To model future flood risks (from fluvial, surface water and coastal) under 
various combinations of drivers, including increased river flow, increased 
precipitation, sea level rise, storm surge and land subsidence 
This set of objectives aims to investigate the impacts of three types of flooding in the 
BMR, incorporating the projections of key contributing factors identified in O2. 
Coastal flood risks will be investigated using the extreme 2011 event as the baseline, 
then by projecting project SLR and land subsidence to 2050, 2080 and 2100 (O3a). 
Coastal flood modelling will be evaluated using flood extents derived from satellite 
images. Model sensitivity to mesh resolution and roughness will be investigated. 
Surface water flood modelling will be undertaken with future topographies 
incorporating: (i) distributed land subsidence rates obtained from previous research 
study; and (ii) a sensitivity based approach to consider rainfall intensity in a changing 
climate (O3b). Fluvial flood risks will be evaluated using a two-step modelling 
approach with river flow modelling for the lower Chao Phraya River and flood 
inundation modelling for a site in the city centre (O3c). A one-dimensional river flow 
model will simulate river flow dynamics over the entire lower Chao Phraya River, using 
the 2011 event as a baseline. Impacts of increased flow rates at the upstream and rising 
sea level at the downstream will be investigated through numerical modelling. Results 
obtained therein will be used in a two-dimensional flood inundation model to translate 
river flow predictions into floodplain inundation in an urban site where data are 
available.     
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O4: To quantify flood vulnerability of the Bangkok Metropolitan Region under 
the various scenarios modelled in objective set 3 (O3) 
The wider impact of the 2011 event will be investigated, focusing on commodity 
exports statistics during and after the event, including: (i) motor cars, parts and 
accessories; (ii) electronic machines; (iii) Jasmine rice; and (iv) shrimp, prawn and 
lobster. Flood vulnerability will be quantified for the various scenarios modelled in 
objective set 3 (O3). Buildings, infrastructure nodes, transport network and land use 
will be overlain with flood depth and extent to determine the potential impact of each 
scenario, quantified by calculating the number of features in each category that could 
be flooded.  
1.3 Thesis Structure  
Chapter 1 has provided an overview of the background of this study. Aims and 
objectives were identified above. The remaining paragraphs present the thematic 
structure of the thesis in terms of chapter outlines.  
Chapter 2 reviews the key literature pertinent to the focus of this study, including an 
overview of flooding, key drivers of flood risks in Bangkok, flood risk management 
and flood inundation modelling, addressing objective set 2 (O2). 
An overview of the study site is presented in Chapter 3. Data requirements and 
availability for the modelling of different types of flooding are then presented, followed 
by the modelling approach and the metrics used for evaluating model performance. 
Further processing of the datasets used for different type of flood modelling will be 
described in the chapters that follow. Social and economic data used to identify flood 
vulnerability are presented in this chapter. An overview of the validation data used in 
the modelling is also given, with further details illustrated in the corresponding chapters 
(Chapters 4, 5 and 6). 
Chapter 4 addresses objectives O3a and O4, and describes the development, validation 
and application of coastal flood modelling in the BMR. Coastal flood modelling sites 
are presented. Data processing to derive future coastal topographies and sea level is 
undertaken. Coastal flood modelling starts with the baseline event of October 2011, 
which focuses on sensitivity analysis of roughness parameter and mesh resolution, 
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calibrated with satellite-derived flood extent. Scenarios with combinations of land 
subsidence and sea level rise projections are then simulated. The impact of future 
scenarios is evaluated by quantifying the number of buildings, land uses and 
infrastructure nodes flooded under each scenario.  
Chapter 5 describes the development, validation, and application of surface water flood 
modelling in the Central Business District of Bangkok. The study site is described first, 
followed by the modelling approach and data processing. Sensitivity analysis of key 
parameters including roughness and hydraulic conductivity is presented, using the June 
2015 event. Future scenarios of surface water flooding are generated using distributed 
land subsidence and sensitivity-based rainfall projections, benchmarked against the 1 
in 2-year event of July 2011. Impacts of various scenarios on infrastructure are 
presented and the impacts are quantified by calculating the number of buildings, length 
of roads, and areas of land uses flooded. This chapter addresses objectives O3b and 
O4. 
Chapter 6 presents the development, validation, and application of fluvial flood 
modelling. River flow and flood inundation modelling sites are described. Data 
processing and modelling approaches are presented. Methods for incorporating flow 
magnitude variation and future SLR scenarios are then detailed. This addresses 
objective O3c. To address objective O4, vulnerability of buildings, land use, roads and 
infrastructure nodes is investigated for each scenario simulated with quantitative 
information. 
Finally, conclusions and future works are drawn in Chapter 7. An overview of the 
research context and significance will be provided. Key findings, novelties, challenges 
& limitations, and scope for further studies of coastal flood, surface water flood, and 
fluvial flood modelling will be presented. This chapter will also highlight the key 
messages that might be used by city managers to reduce flood risk, protecting people 
and infrastructure, and improving livelihood. 
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CHAPTER 2 
 
Literature Review 
2.1 Introduction 
The aim of this chapter is to provide an overview of flood risks in coastal mega-cities, 
key contributing factors, and the modelling of flood risks using numerical methods. 
Section 2.2 describes the definitions of key concepts related to flooding, flood risks and 
flood risk management in general. Section 2.3 presents a review of key factors 
contributing to flood risks, with reference to both specific studies undertaken in 
Thailand and globally. An overview of flood inundation modelling is presented in 
Section 2.5. 
2.2 Flooding, Flood Risks, and Flood Risk Management  
2.2.1 Flooding 
Recent decades have seen an increase of flood frequency and intensity in many 
countries in Europe (Wilby et al., 2008; Feyen et al., 2012), North America (Waltham, 
2002; Nicholls et al., 2008) and Asian mega-deltas (Chan et al., 2012). A review of the 
impacts of floods during 1980-2009 suggests that approximately 2.8 billons people 
have been affected by floods and Asia experienced the highest impact (Doocy et al., 
2013). The increasing number of flood events being reported in recent decades could 
be related to climate change or climate variability. As to future projection of intense 
rainfall, climate models suggest that the frequency of heavy rainfall in many areas 
around the world could increase in the present century and may result in more frequent 
surface water flooding (UNEP, 2007 and IPCC, 2013). 
Flooding may be classified on the basis of sources, causes and effects into fluvial 
floods, surface floods, and coastal floods. Fluvial flooding occurs when the surface 
water runoff in the river exceeds the capacity, overtops the river banks and flows into 
the surrounded area (Jha et al., 2012). Coastal flooding occurred when the coastal areas 
is flooded by the sea water due to the high tides, storm surges, or tsunami (Jha et al., 
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2012). Pluvial or surface water flooding affects cities in many ways. The shear 
magnitude of such flooding may not be significant. However, the often-sudden nature 
of such events can catch a city unprepared. Surface water flooding occurs when heavy 
precipitation occurs in urban areas coinciding with the lack capability of the drainage 
systems (Jha et al., 2012; Zevenbergen., 2010). For example, Shanghai, the most 
populated city in China, is challenged by surface flooding due to its location on the low-
lying terrain associated with land subsidence, increasing high-rise buildings, 
groundwater extraction, the increased frequency of extreme rainfall events, accelerated 
surface runoff due to the urbanization, and the sub-standard storm sewer systems in 
some areas of the city (Wu et al., 2012). Land subsidence may also contribute to the 
performance of urban drainage systems.  
2.2.2 Flood risks 
There is a degree of uncertainty around the terminology of flood risk and flood hazard. 
Feyen et al. (2012: 49) define flood hazard as “the threatening natural event, including 
its probability of occurrence and magnitude”.  Despite the lack of consensus on whether 
flood hazards are becoming more frequent and intense, exposure to flooding, hence 
flood vulnerability, has undoubtedly increased in many parts of the world as a result of 
more concentrated settlements on low-lying areas including floodplains and coastal 
regions. While many definitions of vulnerability have been suggested, this study refers 
to Feyen et al. (2012: 49) who define vulnerability as “the potential to be harmed or the 
susceptibility of the receptor to the flood hazard. It is, therefore, an indication of the 
measures taken to mitigate the effects of flood events.” This term may extend to many 
domains such as the community, economy, and organization (Merz et al., 2010). The 
term exposure may be characterized by people, wealth, environmental resources, 
infrastructure, and economic or social or cultural properties that may be in the way of 
the hazard (Feyen et al., 2012; IPCC, 2012). Therefore, when the risk becomes an issue, 
the main elements of disaster risk and effects are the exposure and vulnerability (IPCC, 
2013). In this dissertation, the term flood risk refers to the negative consequence of 
flooding, the exposure of the economics and people, and the associated vulnerability to 
the impacts of flood hazards. 
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Flood risks in many urban areas have increased substantially due to the rapid growth of 
population in cities and arguably more frequent and intense rainfall episodes as a result 
of climate change and variability. Although the increased flood risks worldwide may 
be resulted from the impact of climate change, many studies concluded that the rapid 
increase of flood risks in many places is more of a result of increased exposure, which 
is related to socio-economic factors rather than physical processes, including increased 
population density, and encroachment of floodplain, alongside drivers of flood hazard 
which may include land subsidence, sea level rise and extreme weather events such as 
typhoons (Chan et al., 2012; Feyen et al., 2012; Wilby and Keenan, 2012). Newly 
established communities on floodplains and the related infrastructures such as energy 
supply, communication, and transportation may generate new vulnerabilities and 
unpredicted impacts (Merz et al., 2010).  
2.2.3 Flood risk management  
Plate (2002:3) defined flood risk management as “the process of managing an existing 
flood risk situation…and includes the planning of a system, which will reduce the flood 
risk”. Flood risk management may be divided into three broad levels, including the 
project operation level, the project design level, and the engineering decision level.  
Hazard or risk maps, generated by Geographic Information Systems (GIS), are useful 
tools for risk analysis (Plate, 2002). Flood protection systems are developed through 
time based on flood type. For example, floods in alluvial plains of large rivers are 
different from flash floods, because the velocities of these floods are lower than flash 
floods. Therefore, the majority of destruction results from the spatial extent of flood 
inundation and these forces can only be prevented by solid engineering structures 
(Plate, 2002). It is reported that many countries in Asia have been using structural 
methods as the main policy for flood management; however, a comparison of flood 
frequencies shows that the rates of flooding are increasing in most Asian countries 
including Thailand (Dutta and Herath, 2004). This means that although construction of 
dikes is one of the accepted methods in flood management, the building of engineering 
flood protection structures such as flood defences may not be a sustainable approach 
(Plate, 2002; Dutta and Herath, 2004). This is because structures such as dikes can fail 
and result in floods larger than expected without the defence (Plate, 2002). The use of 
dikes in some cases simply transfers flood risks to places downstream river. 
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Merz et al. (2010) examined the adaptation of flood risk management to uncertain 
future climate.  This study focuses on floods with destructive effects on people, the 
environment or the built environment. The development of flood risk management have 
been reviewed and divided into three main stages (Hall et al., 2003b; Sayers et al., 2002 
cited in Merz et al., 2010). First, traditional flood management aims at preventing 
flooding by focusing on the explanation of flood event design and specific systems.  
The second stage involves risk-informed decision-making that evaluates flood risk and 
the expenses resulting from the flood. Third, integrated systems methods, use 
combination of approaches in place of separate techniques to reduce risks.  It is 
suggested that methods which can reduce impacts from flooding such as early warning 
systems, landuse planning or development of flood-proofed housing may be more 
suitable than the measures of building flood protection. Figure 2.1 demonstrates human 
impacts on fluvial (riverine) flood risk and possibilities for risk reduction (Merz et al., 
2010). It is shown that most human impacts on flood risk tend to last for a long time. 
For instance, short-term reduction approaches may not be suitable for the case of 
urbanization and landuse change, which progress through decades or even centuries. 
 The Source-Pathway-Receptor model is a comprehensive framework for the 
assessment of environmental risks (DETR, 2000). This model is based on the 
relationship between the sources of natural hazard, the transfer function and the receptor 
of the adverse effects.  For fluvial floods, sources are the extreme weather event(s) that 
generate intense precipitation. Floodwaters resulting from weather events are 
transferred by various pathways including fluvial flows in or out of river channels, 
overflows in urban areas and ineffective flood defences or drainage systems. The 
receptors of fluvial floods are the people, natural and built environment.   
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Figure 2.1: Human impacts on flood risk drivers and example of flood risk reduction 
measures (Merz et al., 2010) 
There are two main approaches to identify, classify and predict changes in flood risk. 
First, observations are evaluated, mostly using statistical methods to determine previous 
changes in flood events. Second, past changes are simulated to measure and consider 
possible changes in the future. However, there are recognized limitations for current 
research on flood risks including insufficient and inadequate data. Inconsistent data 
collection may hide the social vulnerability to floods (Pielke, 1999). Researchers 
concluded that flood risk is a dynamic topic, which is changing and mostly increasing 
because of alterations in its related drivers (Merz et al., 2010). This is because the 
uncertainties in economic growth and climate change are high.  
2.2.4 Flood risks in Bangkok 
According to Zevenbergen et al. (2010), there are several causes of flooding in 
Bangkok. These include increased surface runoff, which may result from an increase of 
river discharge or the overflow of the river on floodplain due to the excessive rainfall. 
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Particularly, in urban areas, it can be exacerbated by land use change due to 
urbanization. Pluvial flooding often occurs when heavy precipitation cannot drain away 
through the drainage systems. Coastal floods are typically caused by high tides, storm 
surges, or waves from extreme events (e.g. tsunami). Occasionally, flooding occurs 
because the flood protection fails or overtop of flood defences. Areas located in the 
coastal zones such as Bangkok can suffer from all types of flooding mentioned above. 
The Japan International Cooperation Agency (JICA) flood protection and drainage 
project concluded that the drivers of flooding in Bangkok include intense precipitation, 
high water level and high tide in the Chao Phraya River, inflow from the northern and 
eastern part of Thailand, land subsidence, the unsystematic character of the drainage 
system and increased runoff caused by urbanization (Engkagul, 1993). It is reported 
that people live in the house near the riverside and seashore in Samut Prakarn harbour 
have encountered the problem of ankle-deep flooding several months a year (Philip, 
2011). Although most studies in the field of flooding in Bangkok Metropolitan 
Administration have only focused on fluvial flooding (e.g. Sousounis, 2012; Sayama et 
al., 2015) and surface water flooding (e.g. Boonya-aroonnet et al., 2002; Klongvessa 
and Chotpantarat, 2014), some researchers have also investigated coastal flooding but 
focused on coastal erosion (e.g. Vongvisessomjai et al., 1996; Supharatid and 
Wichaimekphat, 2008; Uehara et al., 2010; Marome, 2013).  
Ziegler et al. (2012) summarized that the Chao Phraya River flooding during October 
to November 2011 was the worst flood in Thailand since 1942. Many areas in Bangkok 
were submerged for more than three months. The volume of water surpassed the 
capacities of  rivers and reservoirs and resulted in flooding (Mishra, 2012). Floods may 
result from dramatically increasing rainfall, stream flow, and sea level rise and these 
factors can also lead to more adverse impacts on flooding situations (SEA START, 
2011). Unusual La Nina events that happened in 2011 appear to be the reason for higher 
than average precipitation in the northern part of Thailand early in the monsoon season 
(Sousounis, 2012). Three significant parameters including La Nina, typhoon activity, 
and rainfall might be the causes of complicating reservoir management and led to the 
2011 flood in Thailand (Sousounis, 2012; Ziegler et al., 2012). However, the 
researchers noted that flood devastation such as in Thailand or throughout southern 
Asia during 2010-2011 was a result of the failure to integrate flood risk management 
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for recurrent floods. Finally, they suggested that the cities should be redesigned to 
create more space for water to reduce the impacts from natural flood processes. This 
evidence indicates a need to understand the potential impacts of climate-related 
processes and anthropogenic factors on flood risks in the Bangkok Metropolitan 
Region.  
Many important cities of Thailand, such as Ayutthaya and Bangkok, are located on the 
major flood plains and Thai people are familiar with floods from the river (Hungspreug 
et al., 2000). Floods become a problem because of industrialisation and urbanization 
processes which resulted in changes in landuse, economy and society (Manuta et al., 
2006). Research on the institutional capabilities of flood management in Thailand 
during 1985-2005 found that dealing with floods was related to many aspects. Not only 
nature but also human activities have an impact on flood occurrence (Plate, 2002; 
Manuta et al., 2006). The monsoon climate and floodplain topography of Thailand 
frequently favour seasonal flooding (Manuta et al., 2006).  
Since 1970, structures for water resources management have been built in Thailand 
(Hungspreug et al., 2000).  A considerable amount of investment has been made in the 
construction of structural flood control to protect built-up areas in the Chao Phraya 
River basin, especially the Bangkok Metropolitan Area (Manuta et al., 2006). However, 
flood risks are not decreasing owing to the rapid rate of urbanization and development 
in downstream provinces along the Chao Phraya River (Hungspreug et al., 2000). The 
Thai Government reorganised the disaster management in Thailand in October 2002 
(Manuta et al., 2006) and established the Department of Disaster Prevention and 
Mitigation and the Department of Water Resource. Table 2.1 and Figure 2.2 provide a 
summary of flood management in Chao Phraya River basin using the data from 
Hungspreug et al. (2000). The development of flood risk management is divided into 
four main parts including i) overbank flow protection; ii) flood control in the main 
municipal areas; iii) flood control for Bangkok and vicinity; and iv) flood control for 
agricultural areas. 
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Table 2.1: Summary of past development of flood management in Thailand  
Flood control scheme Details 
Overbank flow protection  
(Royal Irrigation Department: RID) 
Dikes along both sides of Chao Phraya River from 
Nakorn Sawan to Bangkok  
Flood control in the main municipal 
areas (The Public Works 
Department: PWD) 
Polders systems consist of retaining walls, embankments, 
regulators and pumping stations in 7 major municipalities 
in Nakhon Sawan, Chai Nat, Sing Buri, Ang Thong, 
Ayutthaya, Pathum Thani, and Nonthaburi 
Flood control for Bangkok and 
vicinity 
(Initiatives of His Majesty the 
King, Bangkok Metropolitan 
Administration: BMA, Royal 
Irrigation Department: RID) 
1) Initiatives of His Majesty the King of Thailand such as 
- Dikes from Rangsit Canal down toward the sea at Samut 
Prakarn (1985) 
- Pumping station along Chao Phraya River 
- Regulators and drainage systems in Nonthaburi and Samut 
Prakarn. 
2) Permanent concrete floodwall along the Chao Phraya 
River (BMA) (2014) 
3) Increasing the drainage capacity (BMA) 
4) Increasing the flood barrier height (BMA) 
5) Loop-cut at Bangkok port and construction of 
multipurpose dams (RID) 
Flood control for agricultural area 
(Royal Irrigation Department: RID) 
- Dikes along Bang Pakong River, Tha Chin River, and 
Chao Phraya River 
- Regulators and pumping stations 
 
 
Figure 2.2: Flood protection system in the Bangkok Metropolitan Region (Department 
of Drainage and Sewerage, 2014) 
HM King’s dikes (1985) 
Suvarnabhumi Airport 
Permanent concrete floodwall (2014)  
Pumping station 
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2.3 Review of Factors Contributing to Flooding in Coastal Cities 
2.3.1 Global studies  
2.3.1.1 Sea level rise  
One of the most significant impacts of climate change on coastal regions is sea level 
rise (SLR). Nicholls (2002) suggested that the relationship between climate and its 
influences on sea level might need to be investigated due to its potential impacts on 
coastal settlements. The sea level has been increasing during the 20th century because 
of increasing temperature in the ocean (Houghton et al., 2001). Furthermore, it is 
reported that the global mean sea level during 1901 to 2010 increased by 19 cm (IPCC, 
2014) and expected that it will continue rising during the 21st century (Nicholls, 2002; 
IPCC, 2014). Extreme sea level rise may cause coastal flooding, and this may lead to 
erosion and ecosystem degradation in the coastal zone. This can be explained as 
increasing sea level affects the sediment deposition process and causes the saltwater 
intrusion into freshwater aquifers along the coastline (Ericson et al., 2006).  
Nicholls (2002) conducted research to evaluate the potential effects of increased sea 
level on coastal flooding due to storm surge on a global scale. A model based on global 
mean sea level rise, land subsidence, changing population in coastal areas, and the flood 
defence standards were used to study the influences of sea level rise on coastal flooding. 
First, SLR scenarios were designed, and an increase of 45 cm was prescribed for the 
2080s, with a wider range of 19-80 cm relative to the 1961-1990 baseline. This range 
reflects the considerable uncertainty in relation to the prediction of global SLR. Second, 
the relative sea level rise (RSLR), which considers both the SLR and land subsidence, 
was estimated to be 15 cm in 100 years, assuming no change in other factors. Third, the 
current density of population in coastal zone was used with the assumption that human 
activity will not adapt to increased flood risks. Finally, the level of flood defence was 
indirectly calculated from a paying capability using Gross Domestic Product (GDP) per 
capita because there are no global databases on flood protection. Three main 
assumptions included: (i) the slope of the coastal floodplain is constant; (ii) the 
population within the coastal floodplain is uniformly distributed; and (iii) when a flood 
protection is surpassed by a surge, it is entirely destroyed. Apart from these 
conventions, the storm surge elevations are increased by the relative sea level rise 
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scenario calculated from the combination of global sea level and estimated land 
subsidence (Nicholls, 2002). 
From this paper, it can be concluded that, regardless of whether the climate varies in 
the future, coastal flooding could still increase on a global scale because of rising sea 
levels. Moreover, there are significant variations in the distribution of risks, and the 
major impacts are predicted to occur in West Africa, East Africa, the southern 
Mediterranean, and Southeast Asia (Nicholls, 2002). There is considerable uncertainty 
regarding the potential impacts of sea level rise on coastal flood risks. The increase of 
global sea level may intensify flooding due to storm surge in coastal areas if there is no 
adaptive response and planning (Nicholls, 2002). 
Ericson et al. (2006) explored the potential impacts of effective sea level rise (ESLR) 
on 40 deltas worldwide. The definition of effective sea level rise (ESLR) is ‘the rate of 
apparent sea level change relative to the delta surface’ (Ericson et al., 2006: 65). 
However, in any specific delta, ESLR can be defined as ‘the combination of eustatic 
sea level rise, the natural rates of fluvial sediment deposition, subsidence, and any 
accelerated subsidence due to groundwater and hydrocarbon extraction’ (Ericson et al., 
2006: 65). Analysing the factors influencing ESLR rate in the sample deltas was the 
aim of the study. GIS methods were applied to high-resolution data sets to calculate the 
changing rates of sea level rise, lowland, and the population at risk in the study areas. 
In this research, the rate of contemporary eustatic sea level rise, which included both 
natural and modern human impacts, was estimated to be 2 mm per year. Besides this, 
an increased rate of 1.5 mm per year was used to represent natural conditions. As there 
were no adequate data for most deltas, the rate of the natural subsidence in deltas which 
for which deltas were not available was estimated at 2.5 mm per year. 
The results revealed that in the major study sites, the effect of eustatic sea level rise on 
ESLR is less significant than human impacts. Finally, it was suggested that the 
observation of ESLR and its related impacts on the global deltas can be improved by 
using advanced remote sensing technology combined with higher accuracy data sets of 
topography, population, and others essential geographical factors (Ericson et al., 2006). 
Studies have also been undertaken to investigate the more recent picture of sea level 
change. Nicholls and Cazenave (2010) indicate that during the 20th century, global sea 
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level has been increasing.  Major causes of sea level rise include thermal expansion of 
the ocean due to global warming and increased water input from glaciers melting, 
groundwater abstraction and reservoirs (Levitus et al., 2009). Figure 2.3 from satellite 
altimetry reveals that the increase in sea level is highly variable across the globe. The 
detailed pattern of sea level rise depends on the temperature and salinity in different 
regions of the ocean (Wunsch et al., 2007). The major impact of sea level rise is the 
increase of coastal flooding, and these problems may be intensified in areas where 
accelerated trend of land subsidence occurs (Nicholls and Cazenave, 2010). 
 
Figure 2.3: Regional sea level trends from satellite altimetry for the period October 
1992 to July 2009 (Nicholls and Cazenave, 2010) 
Van et al. (2012) investigated the extent of flooding in the Vietnamese Mekong Delta 
using different projections of flood hydrographs, based on a flood event in 2000. The 
1D modelling system by the Mekong River Commission was used for the simulation. 
The projection for 2050 is calculated using a projected sea level rise of 30 cm, combined 
with the simulated upstream flow. In this research, two scenarios of climate change for 
flood hydrographs were applied at the upstream part of the delta, with and without 
considering the future developments of the Mekong Delta. The temporal and spatial 
changes of the fluvial floods caused by sea level rise on the whole Vietnamese Mekong 
Delta in short duration events were investigated. The results reveal that the highest 
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flood simulated in 2000 may affect major areas in the upstream part of the delta. 
However, the projection for 2050 suggests that flood risks could intensify in the coastal 
zone due to tidal effects (Figure 2.4).  
 
Figure 2.4: The year 2050 flood maps, on 4 July, 31 August, 23 September and 1 
November corresponding to the climate change scenario, for inundation depth of A) 
20 cm and B) 50 cm (Van et al., 2012) 
2.3.1.2 Storm surge  
Tidal surges are typically caused by tropical and extra-tropical storms. The atmospheric 
pressure and wind can cause short-term bulging of the sea level, which may lead to 
coastal flooding in low-level areas. Storm track and intensity combined with seashore 
and sea floor structures are the factors that control the extent of the surge (Nicholls, 
2006). Therefore, it is expected that changing storm frequency and intensity may affect 
coastal flooding in the future (Pugh, 2004). The IPCC (2012) indicated that in the 
future, the problems of floods and economic losses in coastal zones might increase 
because of sea level rise and storm surge. In addition, there are two reasons why storm 
surge might be intensified by climate change. First, sea level rise from thermal 
expansion and icecap melting may cause higher surge levels (Dasgupta et al., 2009).  
Second, it is possible that rising sea surface temperature may increase the intensity of 
cyclones, and this could lead to increased storm surge events (Dasgupta et al., 2011). 
Moreover, population density and socio-economic activities tend to increase in the 
(b) (a) 
Chapter 2 Literature Review 
 
 
 
19 
major coastal zones. This means that these areas have become more vulnerable to the 
effects of coastal flooding even without climate driven risks (Nicholls, 2006).  
Various studies have explored the impact of storm surge at different scales. For 
example, Nicholls (2006) investigated storm surges as a hazard in coastal areas and 
used the potential effect of storm surges to locate vulnerable sites within these regions. 
He found that many coastal zones in the world are affected by tropical cyclones, which 
may result in the possibility of surges. Figure 2.5 shows that the majority of these areas 
are located in South Asia, Southeast Asia, East Asia and the Pacific including Papua 
New Guinea and Australia. Notably, for Southeast Asia, the potential hotspots 
vulnerable to flooding caused by storm surge are located in Red River Delta (Vietnam), 
Mekong Delta (Vietnam), Metro Manila (Philippines), and Chao Phraya Delta 
(Thailand). It is also apparent that the impacts on these areas are potentially high 
because of the rapid growth of population in lowlands and the frequent occurrences of 
tropical cyclones or typhoons.  
 
Figure 2.5: Coasts affected by tropical cyclones. (Nicholls, 2006) 
Syvitski et al. (2009) found that during the 1990s, 85% of deltas in the world were 
affected by significant flooding. They estimated that in the 21st century, delta areas at 
risk of floods may increase by 50% under the projected rates of sea level rise. Evidence 
available indicates that between 2007-2008 the Ganges, Mekong, Irrawaddy, Chao 
Phraya, Brahmani, Mahanadi, Krishna, and Godavari deltas all suffered from major 
flooding; with over 100,000 casualties and more than a million people displaced. 
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Results show the areas and location of deltas below sea level derived from Shuttle 
Radar Topography Mission (SRTM) data. Almost two-thirds of these deltas are also 
vulnerable to flooding due to storm surges. However, there are major uncertainties in 
the prediction due in particular to the quality of the topographic data (SRTM). It is 
noted that the vertical error of SRTM altimetry used in this research is between 1.1 m 
and 1.6 m in low-level areas.  
Dasgupta et al. (2009) investigated the impacts of storm surge on 84 coastal countries 
located in developing regions using GIS. The potential effects of flooding were 
projected based on two scenarios: (i) a 1-in-100-year storm surge height; and (ii) an 
increase of 10% surge height for the next 100 years. The calculations of storm surge 
followed the methodology of Nicholls et al. (2008), which included a 1-m sea level 
rise, geological uplift and 0.5-m subsidence in deltas along the shoreline of developing 
countries. Various datasets were obtained from the National Aeronautics and Space 
Administration (NASA), US Geological Survey (USGS), European Space Agency 
(ESA), Dynamic Interactive Vulnerability Assessment (DIVA), World Wildlife Fund 
(WWF), Center for International Earth Science International Network (CIESIN), and 
World Bank. The elevation data were derived from 5° x 5° coastal tile of 90m SRTM 
data in the HydroSHEDS dataset. The impacts of storm surge were evaluated using 
population, socio-economic factors, and land use on a country scale.  For the 
exploration of impacts in the 21st century, medium-term population projections from 
the United Nations (UN) were used at the city scale. The results indicate that the risk 
of flooding may increase in some areas, most notably for ten cities in Africa, seven 
cities in Southeast Asia, four cities in South Asia, three cities in the Middle East and 
North Africa, and one city in South America (Table 2.2).  The cities at considered to be 
at greatest risk from coastal flooding in Southeast Asia are Manila (Philippines), Jakarta 
(Indonesia), Bangkok (Thailand), Ho Chi Minh (Vietnam), Yangon (Myanmar), Taguig 
(Philippines), and Kalookan (Philippines).  
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Table 2.2: Top-25 Cities ranked in terms of population exposed to potential storm 
surges in the future (Dasgupta et al., 2009) 
Rank Country City 
Change in 
Affected 
Population 
Cumulative 
% 
Global 
City 
Population 
Rank 2000 
1 Philippines Manila 34,238,334 11.8 8 
2 Egypt Al-Iskandariyah (Alexandria) 2,723,464 21.2 18 
3 Nigeria Lagos 2,121,263 28.5 2 
4 Liberia Monrovia 1,751,428 34.5 61 
5 Pakistan Karachi 1,417,639 39.4 6 
6 Yemen Aden 1,235,473 43.6 132 
7 Indonesia Jakarta 836,130 46.5 7 
8 Egypt Bur Sa'id (Port Said) 672,210 48.8 146 
9 Bangladesh Khulna 635,950 51.0 56 
10 India Kolkata (Calcutta) 547,004 52.9 3 
11 Thailand Krung Thep (Bangkok) 546,157 54.8 13 
12 Cote d'Ivoire Abidjan 543,928 56.6 25 
13 Benin Cotonou 491,049 58.3 100 
14 Bangladesh Chittagong 489,789 60.0 22 
15 Vietnam Thanh Pho Ho Chi Minh 433,176 61.5 16 
16 Myanmar Yangon 384,381 62.8 17 
17 Guinea Conakry 383,551 64.1 46 
18 Angola Luanda 346,973 65.3 33 
19 Brazil Rio de Janerio 344,034 66.5 9 
20 Senegal Dakar 299,405 67.5 40 
21 Nigeria Warri 266,667 68.5 140 
22 Somalia Mogadishu 235,670 69.3 71 
23 Philippines Taguig 232,703 70.1 147 
24 Nigeria Port Harcourt 222,714 70.8 84 
25 Philippines Kalookan 212,853 71.6 74 
Moreover, Brecht et al. (2012) focused on the increased impacts of sea level rise and 
storm surges in 31 developing countries that have coastlines located in the cyclone 
activity areas and have populations greater than 100,000. The method of Hanson et al. 
(2011) was used to assess future storm surges. In this study, flooding zones were 
projected for three scenarios, including a current 1-in-100-year storm surge, and 
increase of 10% and 15% intensification in the 21st century respectively. The 
determination of cities exposed to flooding under different storm surge intensity was 
performed using GIS. Table 2.3 presents the top 25 cities with the largest population 
exposed to future inundation, the changes in affected populations and the cumulative 
percentage of the overall changes in each city. The top 25 cities include 13 cities in 
Southeast Asia, six cities in South Asia, four cities in Africa, and two cities in South 
America (Figure 2.6).  
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Table 2.3: Top 25 city population exposure: surge height increase of 10% and 15% 
(Brecht et al., 2012) 
 
Although results obtained from these studies do not always agree on the inclusion or 
rank of individual cities/countries because of the approaches each study employed and 
data available, the general spatial distribution of risks do agree. Most relevant to this 
study is the consistent prediction that Southeast Asia is a climate hotspot in terms of 
elevated flood risks due to storm surge, sea level rise, and increased exposure.  
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Figure 2.6 :Locations of cities exposed to the potential storm surge based on the 
studies by (a) Dasgupta et al. (2009) and (b) Brecht et al. (2012) 
Apart from the studies undertaken on a global scale, local studies of sea level rise and 
storm surge have also been conducted in specific areas. For example, Wilby (2008) 
explored potential changes in water levels from extreme storm-driven factors in the 
Thames Estuary. The investigation of the skew surge was conducted at Sheerness in 
Kent using the daily weather pattern in Eastern England during 1961-2000. In this 
study, the surge index was calculated from the difference between the highest measured 
water level in a tidal cycle and the expected high water. The results demonstrate that, 
during the periods investigated, the skew surge could continue to show significant 
(a) 
(b) 
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variability and the projection of any changes for the 21st century would be minor in 
comparison to sea level rise. Another example is a recent study by Lin et al. (2012). 
This study used a General Circulation Model (GCM) driven hurricane model and a 
hydrodynamics model to simulate surge events and evaluate potential impacts for the 
New York City. The results reveal that the consequences of hurricane surge and the 
projected 1-m sea level rise may cause an increase of storm surge levels by 
approximately 0.7 m for the present 1-in-100-year surge and 1.2 m for a 1-in-500-year 
surge. Moreover, the results demonstrated that the 1-in-100-year surge may occur every 
3 to 20 years, and the 1-in-500-year surge may occur every 25 to 240 years by the end 
of the 21st century. 
2.3.1.3 Land subsidence 
Fuchs (2010) identified that the combined impacts of climate change, such as sea level 
rise, increasing magnitude of tropical cyclones, and more extreme rainfall, will lead to 
the increasing risks of flooding in Asian coastal megacities. Risks of coastal flooding 
in these regions can be further intensified by land subsidence, resulting from soil 
compaction or withdrawal of groundwater. The degree of land subsidence in many 
Asian cities (e.g. Bangkok, Jakarta, Shanghai, and Tianjin) is higher than sea level rise 
at the global or regional scale.  
Apart from studies at a global scale, local studies of sea level rise and land subsidence 
have also been conducted in specific areas. Yin et al. (2013a) examined scenarios of 
flooding in the Huangpu River basin in Shanghai, China, which is exposed to flood 
risks caused by the combined impacts of climate change, storm surge, and rapid rate of 
land subsidence. Flood inundation modelling (FloodMap) was employed in the 
simulation of flood scenarios and generated river flows and flooded areas. The study 
site has flood defences built since the 1950s. Floodwalls along the river were designed 
based on the 1-in-50-year event in the countryside and 1-in-1000-year event in the 
downtown area. However, land subsidence has occurred and reduced the effectiveness 
of flood defences. The scenarios were designed based on the return periods of 50, 100, 
200, 500, and 1000 years for flood events. The simulated inundation extent was mostly 
in the upstream (rural areas) and midstream (urban areas); the flooded area occurred 
within 1-2 km of the Huangpu River.  
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Yin et al. (2013b) further conducted research in the study site to examine the relation 
between sea level rise and land subsidence on flooding caused by storm tides. Relative 
sea level rise was projected to 2030 and 2050. Land subsidence scenarios were designed 
based on the combination of compaction and tectonic subsidence. The projected total 
land subsidence by 2030 is 120 mm, and 240 mm in 2050. The combined impacts of 
eustatic sea level rise, land subsidence, and storm tide level were calculated using a 
simple algebraic summation. Results show that the effectiveness of flood defences 
could be considerably reduced due to the reduction in return period of flood event 
caused by the associated impacts of eustatic sea level rise and land subsidence. The 
researchers also noted that a uniform projection of land subsidence employed in the 
studies is insufficient and a distributed land subsidence rate is needed because relative 
rate of land sinking may channel floodplain flow to places predicted to be dry under 
uniform land subsidence conditions.  
2.3.1.4 Precipitation and flood risk 
Wilby et al. (2008) compared research on historical trends in rainfall and river flow 
statistics in the United Kingdom with projections of high-resolution regional climate 
prediction. Evidence of change in fluvial flood risks in the UK was reviewed under four 
main headings, including (i) an assessment of development in detection that depends 
on the precipitation and river flow data in history; (ii) a synthesis of results from 
exploration of climate change and estimation of future flood frequency at river 
catchment scales; (iii) explanations of the difference between observations and climate 
model projections; and (iv) adaptation measures that realise benefits to society and 
environment despite the deep uncertainty about future flood risk. This paper showed 
that awareness of potential climate change effects on fluvial flooding in the UK and 
Europe is increasing. In addition, local floods could either intensify or lessen by climate 
change and land management. It is evident that the uncertainties in fluvial flood risk 
need to be investigated at all analysis stages such as the measurement of rainfall and 
discharge errors, inadequate understanding of earth system processes, and current 
estimation of extreme flood frequencies.  
Manuta and Lebel (2005) indicated that the increasing of extreme precipitation events 
in term of frequency or intensity in Asia could intensify the flood hazard in both upland 
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watersheds and floodplains in lower areas. The statistics on disasters in Asian countries 
from 1975 to 2002 show a significant increase of flood hazard (Dutta, 2011). Loo et al. 
(2015) investigated the impacts of climate change on seasonal monsoon in Asia and its 
effects on the variability of monsoon rainfall in Southeast Asia. It is presented that East 
Asian summer monsoon seasons is a source of precipitation for the Southeast Asian 
countries, including Myanmar, Cambodia, Vietnam, Laos, Malaysia, Singapore, 
Indonesia, the Philippines, and Thailand. Most of floods occurred in The Southeast 
Asian are resulted from the summer monsoon rainfall and caused impacts on people 
and properties in the region. It is noted that the increasing frequency of flooding due to 
excessive monsoon rainfall in Southeast Asia is not yet completely understood. 
Therefore, the comprehension of the changing trends and projections of monsoon 
rainfall could enable effective global and regional flood management planning.  
2.3.2 Specific studies in Thailand  
2.3.2.1 Specific studies of sea level rise in Thailand 
A major concern for Bangkok, the capital city of Thailand, is the issue of flooding due 
to its low-lying topography. Trisirisatayawong et al. (2011) evaluated long-term sea 
level change in the Gulf of Thailand. The observation of sea level rise was undertaken 
using long-term tidal data from GPS-corrected tide gauge data and short-term altitude 
measurements from multi-satellite altimetry (Trisirisatayawong et al., 2011). This 
research reviewed the tide gauge stations in the Gulf of Thailand and determined the 
apparent long-term rate of sea level change at selected stations using robust regression 
techniques. Previous work by Vongvisessomjai (2006) reported that the rate of sea level 
rise in the Gulf of Thailand from the analysis of tidal records is 0.36 mm per year at the 
Sattahip and Ko Lak stations, from the monthly average of sea level data between 1940-
1996. According to the sea level change derived at Sattahip station (5.0±1.3 mm per 
year) and Ko Sichang (4.5±1.3 mm per year), Trisirisatayawong et al. (2011) concluded 
that the 60-year period, 1940-2004, the rate of sea level in the northern part of the Gulf 
of Thailand is increasing significantly faster than the global average rate. Compared 
with the global rate of 1.8±0.3 mm per year from the observation data during 1950-
2000 (Church et al., 2004), these rates are significantly higher. Furthermore, the rates 
are also higher than the value used in the assessment of climate change impact on 
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Bangkok conducted by the World Bank (2009), which is 3 mm per year. Apart from 
this, using altimetry data, Trisirisatayawong et al. (2011) concluded that the rate of SLR 
for the period 1993-2009 is similar to that of Sattahip and Ko Sichang (4.8±0.7 and 
5.8±0.8 mm per year respectively, Figure 2.7). The results from this study lead to the 
conclusion that plate subsidence has magnified the effects of the accelerated increase 
of sea level rise. Therefore, it is recommended that there should be a reconsideration of 
risks, protection and mitigation for the increasing threat of flooding to urban areas 
around the Gulf of Thailand such as Bangkok (Trisirisatayawong et al., 2011).  
 
Figure 2.7: Geographical distribution of sea level trend for 1993-2004 (left) and 1993-
2009 (right) multi-satellite altimetry (Trisirisatayawong et al., 2011) 
Another study on climate change impacts and adaptation for  the  Bangkok metropolitan 
region was undertaken by World Bank (2009). This project focused on three major 
issues, including (i) changes in flood patterns; (ii) socio-economic impacts; and (iii) 
management tools for these situations. The MIKE FLOOD software package was used 
to undertake flood inundation modelling, accounting for flooding arising from heavy 
precipitation and sea level rise in the Chao Phraya River basin. Input data comprised of 
river network and cross-sections, rainfall and evaporation, water level and discharge, 
flood protection structures, and Digital Elevation Model (DEM). Simulations were 
carried out for the entire flood season (July-December). Future changes in precipitation, 
sea level rise, land subsidence and storm surge were determined. In this study, sea level 
change from the Integrated Research System for Sustainability Sciences (IRS3) based 
Thailand 
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on AR4 of IPCC is reported. It is estimated that by 2050, sea level in the Gulf of 
Thailand could increase by 0.29 and 0.19 m, which are related to IPCC A1F1 and B1 
climate scenarios respectively. Additionally, the average relative sea level rise used in 
this model is 1.3 cm per year derived from a rate of sea level rise of 0.3 cm per year 
combined with the rate of land subsidence of 1 cm per year. The base year flood 
corresponds to the probable flood in 2008 for the purpose of comparison. Finally, the 
impact assessment was conducted with the estimation of potential socioeconomic loss 
such as population, building and infrastructure (World Bank, 2009).  
Some researchers also reported the evidence of coastal erosion resulting from 
increasing sea level in the Bangkok Metropolitan Region, in particular, the western part 
of the Chao Phraya River. Vongvisessomjai et al. (1996) investigated the coastline on 
the Upper Gulf of Thailand in 1969, 1973, 1979 and 1987. This study indicated that the 
issue of erosion on coastal areas has occurred in the western part of the Chao Phraya 
river mouth, where the protection from coastal erosion has been insufficient. To better 
understand the mechanism of coastal processes in Chao Phraya Delta, Uehara et al. 
(2010) analysed aerial photographs since the 1960s and identified that coastline had 
been eroded approximately 1 km between 1969 and 1987 (Figure 2.8).   
 
Figure 2.8: Coastal erosion in the Chao Phraya River mouth (Uehara et al., 2010) 
Supharatid and Wichaimekphat (2008) explored the effects of coastal flooding in 
Bangkok and its metropolitan area, using the MIKE FLOOD model integrated from 
MIKE 11 and MIKE 21 models. A DEM of 400 m resolution was used as the elevation 
input. As the study sites are located in Chao Phraya River Basin and Tha Chin River 
Basin, the cross-section data covered the cross-section records from these two river 
Thailand 
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channels and some tributary channels. The flood event in 1995 was used as the baseline 
event and projected to 2050 considering regional sea level rise and rainfall according 
to IPCC SRES A1F1 and B1 scenarios. Simulation results suggest that this coastal area 
will become increasingly exposed to coastal erosion in the future. The flood extents are 
estimated at 5-10 km inland from the shoreline with the maximum flood depth of 1.8 
m (Figure 2.9).  
 
Figure 2.9: Flood simulation results for A1F1 (a) and B1 (b) scenarios (Supharatid 
and Wichaimekphat, 2008) 
It can be concluded that flooding could be an adverse impact of climate change, driven 
by rising sea levels. Chao Phraya Delta is one of the major deltas which have a rapidly 
increasing urban population in the coastal zone as well as extensive cultivation (Ericson 
et al., 2006; Marks, 2011). Together this has excessive usage of groundwater and results 
in locally accelerated rates of land subsidence. Bangkok, which is the centre for 
economic activities in Thailand, is located in this delta. Effective sea level rise may 
have an adverse effect on the majority of the population living in this delta and other 
deltas in Southeast Asia (Ericson et al., 2006). 
  
(a) (b) 
Thailand 
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2.3.2.2 Specific studies of storm surge in Thailand 
According to the data shown in the previous section, Thailand is one of the countries 
most exposed to the impacts of storm surges in the future. Various studies related to 
storm surges in Thailand have been conducted, including, by the World Bank (2009), 
Supharatid (2009), Aschariyaphotha et al. (2011), I-soon et al. (2011), How et al. 
(2012), and Wannawong and Ekkawatpanit (2012). Research by the World Bank (2009) 
concluded that in Thailand tropical cyclones often occur between September and 
October and three storm surges were recorded during 1962-2000. Table 2.4 presents 
the details of the most damaging storm surges took place in the Gulf of Thailand. The 
first storm surge is caused by tropical storm Harriet in 1962. Typhoon Gay which 
occurred in 1989 generated another storm surge. The latest recorded was the storm 
surge caused by Typhoon Linda in 1997. Despite the fact that typhoons have rarely 
entered the Upper Gulf of Thailand (except in 1962), the highest level of storm surge 
at the mouth of Chao Phraya was recorded to be approximately 0.61 m as a result of 
Typhoon. The pathways of these three storms are shown in Figure 2.10.  
Table 2.4: Major storm surges in the Gulf of Thailand (Adapted from World Bank, 
2009) 
Year 
Caused 
by 
Affected areas 
Maximum 
storm surge   
Event impacts 
1962 Tropical 
storm 
Harriet 
Lame Taloom Pook 
peninsula in Southern 
Thailand  
N/A 935 deaths, 252 injuries, 142 
missing, 16,170 people 
displaced and damage was 
estimated at $34.5 million 
1989 Typhoon 
Gay 
The eastern coast of 
Chumporn and along the 
Rayong coast in the 
inner Gulf area.  
N/A 446 deaths, 154 injuries, 
more than 150,000 people 
effected and damage cost 
was estimated at $456.5 
million  
1997 Typhoon 
Linda 
Thabsakea, Prachuap 
Khiri Khan province.  
0.61 m at the 
Chao Phraya 
River mouth 
9 deaths, 20 injuries, more 
than 460,00 people effeted 
and damange cost was 
estimated at $6.7 million 
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Figure 2.10: Tracks of the top five most devastating storms in the Gulf of Thailand 
(Vongvisessomjai, 2009) 
Supharatid (2009) examined the severity and the likelihood of storm surge occurrence 
and coastal flooding in Thailand. He concluded that the annual possibility of storms in 
the Chao Phraya river mouth may be less than 1%. However, the effects of tropical 
cyclones in the Gulf of Thailand need to be considered due to the potential impacts that 
such events may exert. One striking example is the occurrence of the 1997 Typhoon 
Linda, which caused a storm surge of 0.6-0.8 m at four stations on the river mouth along 
the Gulf of Thailand (Figure 2.11). Furthermore, even without the impacts of storm 
surges, Thailand may be affected by coastal flooding due to local land subsidence, sea 
level rise, and increasing precipitation. Supharatid (2009) reported the maximum water 
depths in flood risk areas simulated with these combined factors. This reveals that the 
coastal areas may be affected from a 1-2 m inundation. On the whole, Supharatid (2009) 
Bangkok 
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suggested that, although the forecast for severity and frequency of storm surges is 
highly uncertain, due to the great exposure to potential disasters, scenarios should be 
devised based on local projections of various climate drivers and social economic 
factors to provide guidance for adaptation measures.   
 
Figure 2.11: Storm surge height due to Typhoon Linda along the Gulf of Thailand 
(Supharatid, 2009) 
Sea level elevation and ocean circulation patterns in the Gulf of Thailand forced by the 
wind fields due to Typhoon Linda (1-4 November 1997) were investigated using the 
three-dimensional Princeton Ocean Model (Aschariyaphotha et al., 2011). A north-
easterly wind was used to simulate the surge in the Gulf. The simulation forecasts a 
maximum water level of 68.5 cm at the Cha-Am station, more than 51 cm at Huahin 
station, 33 cm at Rayong station, and 34.9 cm at Ko Chang station (Figure 2.12). 
Differences of sea surface height can be separated into three phases: the period before 
the storm surge occurred; during the storm surge; and after the storm passed. The results 
clearly showed that the maximum storm surge occurred slightly after the storm passed 
the coast.  
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Figure 2.12: Time series of significant wave height (cm) from observations and 
simulations of sea surface elevation (cm) at a) Huahin, b) Rayong and c) Ko Chang 
(Aschariyaphotha et al., 2011) 
2.3.2.3 Specific studies of land subsidence in Thailand 
Bangkok experienced significant problems of land subsidence due to groundwater 
extraction in the last few decades (UNEP, 2007; Phien-wej et al., 2006). In Bangkok, 
land subsidence became a serious problem from 1978 and continued during the 1980s 
(Dutta, 2011). The Royal Thai Survey Department measured the elevation of Bangkok 
and estimated that the average elevation is less than 50 cm above mean sea level in the 
eastern part of the city. Elevations in the central Bangkok area and Thonburi district are 
approximately between 100-150 cm above sea level (Engkagul, 1993). Land subsidence 
occurred not only onshore but also inland, and the slope of the near-shore zone of the 
Chao Phraya delta is very moderate with a gradient of just 1 m/km.  As a consequence, 
land subsidence of 10-20 cm may stimulate an increase in water depth by 10-20% at a 
point 1 km offshore and an increase of 5-10% at a point 2 km offshore (Dutta, 2011). 
Land subsidence also affects the elevation and slope of river channels, allowing high 
tides to reach further upstream, the slower recession of floods and tides, and difficulty 
Huahin 
Rayong 
Ko Chang 
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in draining flood water from subsiding areas (Engkagul, 1993; UNEP, 2007; Ziegler et 
al., 2012).  
It is reported that in the 20th century, Bangkok subsided by 2 m, resulting from the 
heavy extraction of groundwater (Nicholls et al., 2008). Additionally, that most delta 
areas in the South, Southeast, and East Asia are increasingly facing the challenges of 
flood risks due to an increasing population and urbanization (Nicholls and Cazenave, 
2010). Although new flood defences were employed to protect these areas, it is possible 
that failures can occur. Nicholls and Cazenave (2010) also agreed that the study of sea 
level rise should strongly emphasise non-climate parameters such as oil and 
groundwater extraction which cause land subsidence, or the construction of dams which 
cause decreasing sediment supply to river deltas. A recent study by Naeije et al. (2012), 
which involved investigation of the vertical land motion in Thailand, uses the combined 
methods of satellite altimetry and GPS-based vertical land motion. This study presents 
the Interferometric Synthetic Aperture Radar (InSAR) analysis based on 23 
RADARSAT-1 images (2005-2012) which identified that the land subsidence rate in 
the greater Bangkok area varies between 15-25 mm per year.   
Aobpaet et al. (2013) also conducted the InSAR analysis of RADARSAT-1 images for 
Bangkok between 2005 and 2010 and reported different rates of land subsidence for 
five study areas. A maximum relative rate of about 30 mm per year is identified in this 
study (Figure 2.13). Land subsidence on the east of the river mouth is related to the 
rapid development and expansion of the urban industrial sectors. Sojisuporn et al. 
(2013) concluded that the area in the inner Gulf of Thailand, which includes the coastal 
area of Bangkok Metropolitan Region, may encounter more adverse effects of relative 
sea level rise due to land subsidence and global sea level rise. 
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Figure 2.13: (a) Land subsidence rate (mm/year) from InSAR time-series analysis and 
(b) standard deviations of mean rates (Aobpaet et al., 2013) 
Moreover, there have also been studies focusing on the recovery of land subsidence in 
some areas. For example, one study by Ishitsuka et al. (2014) analysed the images 
acquired by radar available on Advanced Land Observing Satellite (ALOS) from 
between November 2007 and December 2010. They found that, in some areas, ground 
surface around Bangkok uplifted by up to 0.5-3 cm during the three years of observation 
(Figure 2.14), as a result of the natural recovery of groundwater level in the preceding 
subsidence areas after 1999. The spatial pattern of land subsidence rate appears to agree 
well in some places but without the raw data, it is not possible to compare directly.  
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Figure 2.14: The spatial distribution of the annual average surface displacement. In 
the graphs, black squares indicate observations, and the lines are the best fit curve of 
the temporal displacement model. The red dashed line in (a) represents observations 
made at surface settlement points in monitoring wells along Chao Phraya River 
(Ishitsuka et al., 2014) 
Chapter 2 Literature Review 
 
 
 
37 
2.3.2.4 Specific studies of precipitation and flood risk in Thailand 
During the monsoon season (September-October), when the rainfall is intense, Thailand 
is often exposed to flood risks (Chitradon et al., 2009; Mishra, 2012). Several studies 
suggest that floods and droughts have significantly increased in Thailand in recent 
decades (Krairapanond and Atkinson, 1998; Chitradon et al., 2009; Bhaktikul, 2012). 
However, statistics from the Department of Meteorology (Figure 2.15) shows that the 
number of rainy days and total precipitation in Thailand have decreased during the past 
50 years (Marks, 2011). Due to a warmer climate, precipitation events tend to occur in 
shorter periods resulting in more intense rainfall (Figure 2.16), and hence more frequent 
occurrences of flooding (Limjirakan et al., 2010; Dutta, 2011; Mishra, 2012; Marks, 
2012).  
 
Figure 2.15: Annual rainfall in Thailand between 1951-2005, Source: Department of 
Meteorology (Marks, 2012) 
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Figure 2.16: A) Observed trends 1951-2003: contribution to total annual rainfall from 
very wet days (95th percentile and above). B) Records of changes in heavy and very 
heavy rainfall compared to the change in annual and/or seasonal rainfall. (Bates et al., 
2008)  
In 2011, flooding caused massive destruction in Thailand (Ziegler et al., 2012; Chan et 
al., 2012), affecting 4,039,459 households and 13,425,869 people; 2,329 houses were 
destroyed, while 96,833 houses were partially damaged; there were 657 fatalities and 3 
people reported missing (Hydro and Agro Informatics Institute; HAII, 2012). This flood 
caused damages estimated at 5.1 billion dollars (United Nations Platform for Space-
based Information for Disaster Management and Emergency Response, 2013). The 
event was categorized as the country’s worst flood since 1942, and floodwaters 
inundated many Bangkok areas for more than three months (The Bangkok Post, 2013). 
The 2011 Thailand flooding was the resulted of monsoon rainfall in the Northern parts 
of Thailand (Aon Benfield, 2012). Five tropical cyclones were contributed to the 2011 
flooding, namely Haima (24-26 June, 2011), Nock-ten (30 July-3 August, 2011), 
Haitang (28 September, 2011), Nesat (30 September-1 October, 2011), and Nalgae (5-
6 October, 2011). The excessive rainfall increased river stages in the upstream of the 
(B) 
(A) 
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Chao Phraya River, then areas located in the northern and central parts of Thailand, 
including the Bangkok Metropolitan Region were flooded. Figure 2.17 indicates that 
the accumulated rainfall from January to October 2011 was 35% higher than average 
because of a strong La Niña, five main tropical storms, and monsoon trough (HAII, 
2012). In addition, Figure 2.18 reveals that rainfall in 2011 was also 10% higher than 
the second highest year on record (Ziegler et al., 2012). Moreover, during the months 
of October and November, high tides and storm surges in the Gulf of Thailand also 
raised the water level and slowed the drainage of floodwaters into the gulf (HAII, 2012; 
Ziegler et al., 2012). This is because the tidal effect on the Chao Phraya River extends 
more than 150 km upstream of Bangkok, passing through Ayutthaya to flood-prone 
area in the past (Engkagul, 1993; Ziegler et al., 2012).  
The recent increase of rainfall in terms of volume, intensity, frequency and duration 
could possibly enhance the riverine flooding and surface water flooding in Thailand. 
According to IPCC (2013), the frequency of extreme precipitation and excessive 
rainfall associated with tropical cyclones were expected to increase during this century, 
particularly in the tropical regions. It could be concluded that future flood risks are 
likely to increase due to intense rainfall events. The effect of precipitation on flood risks 
in Thailand, located in tropical region, is worth examining more closely. Therefore, the 
rainfall patterns analysed from the historical precipitation records and the projection of 
future rainfall events are needed to be considered for the evaluation of short-term and 
long-term flood risks in the study site.  
 
Figure 2.17: Cumulative monthly rainfall in Thailand (HAII, 2012) 
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Figure 2.18: Occurrence of 2011 flood in Thailand; A) Flooding in sub-catchments of 
Chao Phraya River basin; B) Annual rainfall anomalies during January-October 
concluded from TRMM satellite archive; C) Monthly rainfall in 2011; and D) Map of 
the 2011 January–October rainfall anomaly in Thailand (Ziegler et al., 2012). 
2.3.3 Summary of factors used in the projection of future scenarios  
Scenario-based analysis has advantages in estimating uncertainty of human impacts on 
climate change, the Earth system’s response to human activities and the conclusions of 
various methods for measures and adaptation (Moss et al., 2010). The prediction of the 
main factors contributing to coastal flooding in this study is based on previous studies 
from the literature, and scenarios were designed with projections to 2050, 2080 and 
2100. A summary of these components and the major studies used are presented in 
Table 2.5. The projection of sea level rise is based on two Representative Concentration 
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Pathways (RCPs) according to the fifth Assessment Report (AR5) of the 
Intergovernmental Panel on Climate Change (IPCC, 2013). It is estimated that global 
mean sea level rise for 2081-2100 relative to 1986-2005 will likely be in the range of 
0.26 to 0.55 m for RCP2.6 and 0.45 to 0.82 for RCP8.5. These ranges are calculated 
from CMIP5 climate projections in combination with process-based models and 
literature assessment of glacier and ice sheet contributions. The projected rates of sea 
level rise in AR5 are higher than in AR4, due to the more developed modelling. These 
values also match observation data in the local area. Additionally, the extreme value of 
sea level rise (SLR) reported by NOAA (2014) can be used as the worst case scenario. 
Due to the lack of local projections of SLR, this study takes the same approach as the 
World Bank (2009) study and used the IPCC projections for future SLR scenarios. 
Details are described in Section 4.2.4.1. 
The projection of land subsidence in the Bangkok Metropolitan Region can use two 
methods based on local research. First, the distributed rate of land subsidence from the 
study by Aobpaet et al. (2013) can be used. However, this dataset does not cover the 
whole Bangkok Metropolitan Region. The uniform rate of land subsidence of 1.2 mm 
to 7.1 mm per year estimated by World Bank (2009) can be used where distributed land 
subsidence rate is not available. As well as this, the maximum rate of land subsidence 
of  25 mm per year from the study by Naeije et al. (2012) and Aobpaet et al. (2013) can 
be used as the worst case scenario. Storm surge is rare in the region. A recent surge 
event in 1997 recorded a height of 0.61 m at the Chao Phraya River mouth (World 
Bank, 2009). The projected rate of land subsidence and storm surge used in the 
scenarios are presented in Section 4.2.4.2 and Section 4.2.4.3 respectively.  
The projection of future precipitation is based on the historical rainfall event occurred 
on 1st July 2011 which is the 2-hour rainfall event with a total rainfall of 83.5 mm. 
Chicago design storm method (Keifer and Chu, 1957) is used to design the rainfall 
events of 1-in 2, 5, 10, 20, 50 and 100 years return periods. Design rainfall events and 
distributed land subsidence were used as inputs to model  surface water flood risks in 
the study site for different topographies and rainfall events of different magnitudes. 
Details are presented in Section 5.2.3. The projected sea level rise, land subsidence and 
river flow magnitude derived from frequency analysis of historical records are taken 
into consideration in fluvial flood modelling. Details are presented in Section 6.3.
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Table 2.5: Components of seawater levels for 2050, 2080 and 2100 relative to 2011 for the Bangkok Metropolitan Region coastal zone 
Components  Sources Key assumptions 
Rate of change 
(mm/year) 
Rise by 2100 
(m) 
Global Mean Sea Level 
Rise due to the ice sheet 
dynamical changes and 
thermal expansion 
 
IPCC (2013) -RCP2.6 Based on IPCC AR5, global mean SLR +0.4 m and likely range 
of 0.26-0.55 m from the scenario that leads to low greenhouse gas 
concentration levels. 
4.3 (2.0 - 6.6) 0.40 (0.26 - 0.55) 
IPCC (2013) -RCP8.5 Based on IPCC AR5, global mean SLR +0.63 m and likely range 
of 0.45-0.82 m from the scenario that leads to high greenhouse 
gas concentration levels. 
11.1 (7.4-15.5) 0.63 (0.45-0.82) 
World Bank (2009) -B1 Based on IPCC AR4 (2007) B1 Scenario SLR +0.38 m for 2099. 3.8 0.38 
World Bank (2009) -A1FI Based on IPCC AR4 (2007) A1F1 Scenario SLR +0.59 m for 
2099. 
5.9 0.59 
Dutta (2011) Estimated from SLR +0.32 m in 2050 and +0.88 m in 2100 
(baseline condition in 1995). The projected SLR was derived by 
the worst-case scenario of the General Circulation Models (GCM) 
 
5.8 0.88 
Local Sea Level Rise 
Trisirisatayawong et al. (2011) Based on data derived from Altimetry trend from 1993-2009. 4.1 - 5.5 
 
NOAA (2014) The mean sea level trend at Pom Phrachun Station is 20.60 
mm/year with a 95% confidence interval of +/- 0.77 mm/year 
based on monthly mean sea level data from 1960 to 2010.  
20.60 ± 0.77 
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Components  Sources Key assumptions 
Rate of change 
(mm/year) 
Rise by 2100 
(m) 
Local Sea Level Rise Sojisuporn et al. (2013) Derived from the analysis of tide gauge records during 1985-
2009. The relative sea level rise is 4 mm/year in the Gulf of 
Thailand with the intense rate of 12.7 mm/year in the Upper Gulf 
of Thailand. 
 
12.7  
Local Land Subsidence 
World Bank (2009) Projected land subsidence rate of 0.05-0.3 m, depending on 
location in 2050 (baseline condition is in 2008). 
1.2 - 7.1 
 
Naeije et al. (2012) Derived from Interferometric Synthetic Aperture Radar (InSAR) 
analysis based on 23 images of RADARSAT-1 in 2005-2012.The 
land subsidence rate varied between 15 and 25 mm/year. 
15 - 25 
 
Aobpaet et al. (2013) Assumes from the InSAR analysis of 19 RADARSAT-1 images 
covered an of Bangkok during 2005-2010. The rate of land 
subsidence varied between 0-30 mm/year. 
0 - 30  
Local Strom Surge World Bank (2009) Based on the surge event recorded in 1997, which was caused by 
Typhoon Linda and a height of 0.61 m was recorded at the Chao 
Phraya River Mouth. 
 
0.61 
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2.4 Overview of Flood Inundation Modelling 
Flood inundation modelling has become a standard way of flood risk assessment 
because it can provide information such as hazard maps for better understanding of 
flood risks (Poussin et al., 2012; Mason et al., 2010). Flood inundation modelling can 
be divided into three main categories based on the model dimensionality, including 1D, 
2D, and 1D coupled with 2D. Table 2.6 presents a summary of methods and the range 
of examples for each method.  
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Table 2.6: Classification of flood inundation models (Adapted from Bates and De 
Roo, 2000) 
Type of 
model 
One-dimensional (1D) 
models 
Two-dimensional (2D) 
models 
Simplified Coupled 1D/2D 
models 
Example 
models 
MIKE11 
ISIS 
ONDA 
FLUCOMP  
HEC-RAS  
SOBEK 
 
TUFLOW 
MIKE 21C 
TELEMAC-2D 
CLASSIC 
 
FloodMap  
LISFLOOD-FP 
JFLOW 
Authors Fread (1984), Ervine and 
MacCleod (1999), Brunner 
(1995), Havnø et al. 
(1995), Tyefi et al. (2007), 
World Bank (2009), Casas 
et al. (2010) 
 
Feldhaus et al. (1992), 
Bates et al. (1992), Bates 
et al. (1995), Bates et al. 
(2005), Bates et al. (2010), 
Crooks and Naden (2007) 
De Roo et al. (2000), 
Bates and De Roo (2000), 
Yu and Lane (2006), 
Tayefi et al. (2007), Lane 
et al. (2008), Casas et al. 
(2010), Yin et al. (2013), 
Yu and Coulthard (2015) 
 
Channel 
routing 
Full solution of the 1D St. 
Venant equations or 
simplified  
Full or simplified solution 
of 2D St. Venant equations  
 
 
 
 
Fully 1D (FloodMap) or 
kinematic wave (JFlow 
and LISFlOOD-FP) 
treatment using an explicit 
finite difference procedure 
using designated channel 
cells   
 
Floodplain 
routing 
Storage areas connected to 
the river channel 
Full or simplified solution 
of 2D St. Venant equations  
 
2D treatment of flow over 
the floodplain 
Structure Describe the river channel 
and floodplain as a series 
of cross-sections 
perpendicular to the flow 
direction.  
 
Representation of 
inundation over structured 
grids (finite difference 
methods) or unstructured 
grids (finite volume and 
finite element methods) 
using a variety of 
geometries, but typically 
triangles or quadrilaterals.  
 
Raster-based discretization 
derived from a DEM.  
Outputs - Water depth 
- Flood inundation extent  
- Cross-section average 
velocity 
- Discharge at each cross-
section 
 
- Water depths at each 
pixel 
- Flood inundation extent  
- Velocity vectors at each 
pixel 
- Discharge vectors at 
each pixel 
- Raster map of flow 
depth and velocity 
- Discharge (depth and 
velocity) in the river 
channel cross sections 
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2.4.1 One-dimensional flood model 
Although the primary design purpose of a one-dimensional flood model is the 
prediction of river flow, one-dimensional flood models can also be used to derive 
floodplain inundation based on interpolation of discrete point predictions at cross 
sections. To derive floodplain inundation, cross-sections are needed to extend across 
the full floodplain width and the suitable Manning roughness values are then assigned 
to compute the conveyance of water in the river channel and on the floodplain. The 
model is also capable of simulating floodplain flow utilizing storage area, which is a 
floodplain unit hydraulically connected with other adjoining storage areas and/or the 
main river channel. Areas intersected with natural or built structures such as dikes, 
elevated roads, and embankments can be specified as storage cells. The calculation of 
flow transfer between storage cells is based on water levels in the neighbouring cells 
and some boundary conditions. 
Bates and De Roo (2000) investigated the essential process representation to be 
considered in flood modelling in order to achieve the levels of predictive capability. 
They indicated that one-dimensional finite difference solutions of the full St. Venent 
equations are the most widely used methods for predicting fluvial hydraulics and 
indirectly flood inundation at the reach scale (5-50 km). For these approaches, the flow 
conditions could be designated for the one-dimensional schemes, such as the channel 
flow below the depth at bank full stage (Preissmann, 1961). Examples of these models 
include MIKE11, ISIS, ONDA, FLUCOMP, and HEC-RAS.  Moreover, it was 
acknowledged that in natural conditions, truly straight channels in which flow can be 
approximated as one-dimensional are rare, particularly when the discharge exceeds the 
bankfull stage as adjacent floodplain is often topographically complex (Hunter et al., 
2005; Pender and Neelz, 2011). When floods happen, water breaks off the main river 
channel and propagates to the connected floodplain areas. In such situations, one-
dimensional approaches may not be suitable for the representation of these complex 
situations (Hunter et al., 2005). 
Chapter 2 Literature Review 
 
 
 
47 
2.4.2 Two-dimensional (2D) and 1D/2D coupled flood inundation 
models 
A key limitation of the 1D approach for flood inundation modelling is the lack of flow 
routing on the floodplain hence the inability to represent floodplain flow dynamics. In 
topographically complex floodplains the use of 1D flood inundation models can be 
limited. Two-dimensional flood inundation models have been developed to address the 
limitations of the one-dimensional model and present a higher-order representation of 
river and floodplain flow hydraulics. The development of two-dimensional flood 
inundation model is theoretically based on the one-dimensional approach. 1D models 
discretize the floodplain into a small number of large storage cells while 2D models 
discretize the floodplain surface into a large number of small storage cells. Practically, 
the 2D method is based on explicit mass conservation and a full or simplified 
representation of momentum equations. Coupled 1D and 2D models (e.g. FloodMap, 
LISFLOOD-FP and JFLOW) were developed to simulate flood inundation by 
calculating the water level in flood cells at set time points. These models generate 
results of flood depth, extent, and duration based on topographies (DEM, river cross-
sections), and flow time series (e.g. discharges; water level) (Prinos, 2008).  
Over the past 15 years also, simplified 2D flood inundation models (e.g. Bates and De 
Roo, 2000; Bradbrook et al., 2004; Yu and Lane 2006a) have gained recognition in 
generating flood predictions at similar accuracies to fully 2D flood models yet with less 
computational requirements. In 2D flood inundation modelling, channel flow is 
typically represented as one-dimensional, while flow over floodplain is considered as 
two-dimensional. Floodplain flow routing of simplified hydraulic models takes either 
diffusion-based (e.g. Yu and Lane, 2006a, b) or inertial-based solution (e.g. Bates et 
al., 2010; Yu and Coulthard, 2015). In 2D models, the predictions are more reliable as 
topography is more adequately represented. The advancement of flood inundation 
modelling arises from the development of the model and growing computational 
resources. In particular, the increasing availability of high resolution and high accuracy 
Digital Elevation Models (DEMs) for floodplain regions has facilitated the applications 
of flood inundation modelling (Bates and De Roo, 2000).   
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2.4.3 Comparison between 1D and 2D flood inundation models 
Horrit and Bates (2002) explored the performance of 1D and 2D flood inundation 
models including the capability of predicting inundation extent for one flood event 
when calibrated against another. HEC-RAS, TELEMAC-2D, and LISFLOOD-FP are 
the models used in this study. These models reflect the advance of models from the 1D 
system (HEC-RAS, developed by US Army Corps of Engineers) to 2D finite element 
(TELEMAC-2D, developed by Electricité de France) and raster-based simplified 2D 
model (LISFLOOD-FP). It can be concluded that these models are able to calculate the 
extent and travel times of the flood at similar levels of accuracy with the best 
calibration. In the prediction, HEC-RAS and TELEMAC-2D can predict inundation 
areas to similar levels, whether calibrated against the flood travel times or data of 
inundated areas from another event. On the other hand, the calibration of LISFLOOD-
FP needs independent inundation data to make good predictions on inundated areas. 
Table 2.7 lists the advantages and disadvantages of each flood modelling type. 
Table 2.7: Advantages and disadvantages of each type of flood modelling 
Type of model Advantages Disadvantages 
One-dimensional 
(1D) models 
- Suitable with parameters using 
traditional field surveying methods 
- It is assumed that flow on 
floodplain occurs in one 
dimension, which hardly exists in 
reality. 
- Areas between cross sections are 
not explicitly represented. 
 
Fully two-
dimensional (2D) 
models 
- Provide a higher order representation 
of river and floodplain hydraulics 
more consistent with known 
processes.  
- Continuous representation of 
topography. 
- Require no secondary processing to 
determine flood inundation.  
- Model structure is flexible and easy to 
be adapted. 
 
- The increase in computational cost 
and time consuming.  
- Data are required for each grid 
cell. 
Simplified raster-
based 1D/2D 
models 
- Specifically designed to predict flood 
inundation and simplify the processes 
which are less important.  
- Designed to work with high-
resolution topographic data in a raster 
format with least amount of pre-
processing. 
- Typically faster than fully 2D models. 
- The model requires considerably 
more validation. 
- May not be suitable for flood 
modelling with fast flows. 
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Apel et al. (2009) conducted a comparative study with three different types of hydraulic 
and flood loss models, including linear interpolation of gauge levels and DEM, a 
coupled 1D/2D hydraulic model and a Saint-Venant 2D zero-inertia hyperbolic 
hydraulic model. One of the flood hazard models selected for this study is LISFLOOD-
FP which can be classified as a simplified raster-based 1D/2D hydraulic model. The 
scheme of this model is designed to represent the hydrodynamics in the river using a 
one-dimensional approach. Due to the negligence of the obstructed building, floodplain 
inundation is modelled as two-dimensional, this model is not be able to represent flow 
conditions in a built environment correctly. It is concluded that 1D/2D models provide 
the practical demonstration in comparison with observed flood depth and extent. 
Another example in this category is FloodMap (Yu 2005; Yu and Lane 2006; Tayefi et 
al., 2007; Lane et al., 2008; Casas et al. 2010; Yu 2010; Yin et al. 2013), which consists 
of a fully 1D river flow modelling and a diffusion/inertial 2D surface flow modelling. 
The input data for this model comprises of river cross-section, floodplain topography, 
and flow boundary conditions in the river channel. It is useful for simulating the extent, 
magnitude and duration of floods as well as producing the maps of flood potential in 
the study area. The model was used in this study for coastal and surface water flood 
modelling, and coupled with HEC-RAS for fluvial flood modelling in Bangkok region. 
Its description will be provided in Chapter 3 (Section 3.3). 
2.4.4 The latest development in the last 5-10 years in flood 
modelling  
During the recent decade, advances in data acquisition technologies and numerical 
methods have increased the uptake of 2D modelling methods for flood prediction 
(Néelz and Pender, 2009; Teng et al., 2017; Levy and Hall, 2005). Key development in 
flood modelling includes methods for reducing model computational cost and adoption 
of remote sensing in flood modelling (Teng et al., 2017; Yamazaki et al., 2013; Liang 
and Smith, 2015).  
Increasing computational capacity and the availability of high resolution remote 
sensing data have enabled large scale modelling (Paiva et al., 2011). Various methods 
were employed to improve model computational efficiency including parallel 
computing, high performance technologies, and improving the stability condition of 
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flow computation (Yamazaki et al., 2013; Liang and Smith, 2015; Teng et al., 2017). 
For example, Yamazaki et al. (2013) combined the local inertial flow equation with a 
vector-based river network map to enhance the computational efficiency of a global 
river model. Results suggested that implementation of the local inertial equation could 
increase the computational efficiency by more than 300%. The simulation with vector-
based river network map was approximately 60% faster than the simulation using grid-
based approach. In this study, the parallelization method was employed to increase the 
simulation speed of the models. Liang and Smith (2015) employed a GPU-accelerated 
shallow water flow model for urban flood simulation. Results showed that a modern 
graphics processing units (GPUs) could enhance large-scale high-resolution urban 
flood modelling and improve model performance while maintaining prediction quality. 
It is concluded that the model developed could be applied for simulations of urban 
flooding where complicated flow may occur in places where complex structures and 
topographies are present. Therefore, combination of methods including parallel 
computing, high performance technologies, and improved stability condition of flow 
computation is found to be useful for reducing computational cost.   
Teng et al. (2017) indicated that improvements in flood inundation modelling are 
connected with advances in remote sensing technologies. Remote sensing data bring 
considerable benefits to model validation, calibration and evaluation. Feasible and 
high-quality DEMs derived from remote sensing products, such as Light Detection and 
Ranging (LiDAR) and Shuttle Topography Radar Mission (SRTM), are used as 
topographic input for flood modelling (Schumann et al., 2009; Paiva et al., 2011; Teng 
et al., 2017). In the past decade, limitation of data used for model calibration and 
validation was regarded as the main issue hindering the development of flood modelling 
(Hunters et al., 2007). However, nowadays data obtained from remotely sensed data 
such as flood extent and stage are widely employed in model calibration and validation 
(Schumann et al., 2009; Teng et al., 2017).  
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2.4.5 Flood modelling work that has been done in the study site 
During the past 20 years, there has been an increasing amount of literature on flood 
modelling in the Bangkok Metropolitan Region. For example, Boonya-aroonet et al. 
(2002) carried out simulation of surface water flooding in the Sukhumvit area of 
Bangkok to evaluate the performance of three types of models. Surface flooding was 
simulated with the MOUSE hydrodynamic model, using scenarios of 15 mm and 35 
mm rainfall for 1-hour duration. The first model combines a virtual reservoir with pipe 
networks, the second model links a pipe network model with a street network model, 
and the third model is the combination of a pipe line network model and a 5-m 
resolution Digital Elevation Model (DEM). Results showed that the combination of 
Digital Elevation Model (DEM) and pipe line network model generates predictions 
most close to the observation data from field work.   
Chen (2007) used the SOBEK 1D-2D hydrodynamic model to simulate flood scenarios 
of 5, 10, and 25-year return periods in Bangkok. Model inputs include a 30-m DEM, 
daily discharge, daily rainfall, river cross-sectional profiles, road and canal network, 
and land use map derived from ASTER images. Surface roughness (Manning's 
coefficient) was set based on different types of land use including roads (0.025), water 
(0.03), vegetated area (0.04) and buildings (0.05). In this study, it is noted that the 
calibration and validation were excluded due to two reasons. First, the observed data 
on flood events are not accessible and unreliable. Second, the main purpose of this study 
is not to predict flood hazard but to explore the effect of buildings on model predictions 
and to develop a flood impact assessment approach.   
Supharatid and Wichaimekphat (2008) investigated the impacts of coastal flooding on 
Bangkok and its metropolitan area, using the MIKE FLOOD model, integrated with 
MIKE 11 and MIKE 21 models. The cross-section data of Chao Phraya and Tha Chin 
River channels and elevation data of 400-m resolution DEM were used as model inputs. 
A baseline flood event in 1995 was projected to 2050, considering regional sea level 
rise and rainfall according to IPCC SRES A1F1 and B1 scenarios. This study reported 
that coastal area of Bangkok Metropolitan Region will become increasingly exposed to 
coastal erosion in the future, with flood extents estimated to reach 5-10 km inland from 
the current shoreline and the maximum flood depth could reach 1.8 m. 
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World Bank (2009) used MIKE FLOOD and MIKE GIS to simulate flood inundation 
and studied the impacts of heavy precipitation and sea level rise in the Bangkok 
Metropolitan Region. Simulations were carried out for the entire flood season (July-
December) and the scenarios were designed using future changes in precipitation, sea 
level rise, land subsidence and storm surge. Rainfall scenarios were designed to 10, 30 
and 100-year return periods, calculated based on the historical rainfall records in the 
Chao Phraya River Basin. The average relative sea level rise used in this model is 1.3 
cm per year derived from a rate of sea level rise of 0.3 cm per year combined with the 
rate of land subsidence of 1 cm per year. Model was calibrated using the observed 
discharge and water level from flood events in 1995 and 2002. As different resolution 
DEMs in 2002 were used, various accuracies from area to area were found which 
resulted in uncertain accuracies in the simulated results.  
Klongvessa and Chotpantarat (2014) investigated the impacts of rainfall on water level 
in two districts of Bangkok including Bangkok Noi and Bangkok Yai districts, covering 
an area of approximately 15 km2. MIKE 11 was used to simulate flooding from rainfall 
scenarios of 2, 5, 10, 25, 50 and 100-year return periods, derived from the maximum 
daily rainfall during 1997-2010. The study assessed the flood mitigation measures and 
concluded that the 50 and 100-year rainfall events are too large to deal with and 
provided the mitigation plans for 25-year event. It is suggested that scenario of 25-year 
return period rainfall flooding can be mitigated by building dikes and floodgates, 
integrating with the increasing of pumping capacities in the area.  
Although extensive research has been carried out on flood modelling in the Bangkok 
Metropolitan Region, understanding of flood risks are limited by the availability of 
drivers and future projection of some drivers such as land subsidence. For example, the 
5-m resolution DEM is available for the small study site (Boonya-aroonet et al., 2002) 
but only the coarse resolution of DEM is provided for the large study site (Chen, 2007; 
Supharatid and Wichaimekphat, 2008). Local projections of some drivers such as sea 
level rise, land subsidence and precipitation have not been included in the model 
(Supharatid and Wichaimekphat, 2008; World Bank, 2009). In addition, most of the 
previous studies lack considering the combined impacts of climate-related and 
anthropogenic drivers (Boonya-aroonet et al., 2002; Klongvessa and Chotpantarat, 
2014) and the uncertainties involved in modelling (Chen, 2007; Supharatid and 
Wichaimekphat, 2008). Therefore, the main purpose of this study is to develop an 
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understanding of present and future flood risks associated with climate-related and 
anthropogenic drivers, and the vulnerabilities of infrastructure associated with different 
scenarios. Future flood risks will be investigated under different combinations of 
drivers including increased river flow, increased precipitation, sea level rise, storm 
surge and land subsidence. Flood vulnerability of the Bangkok Metropolitan Region 
will be quantified by determining the potential impact of each scenario on buildings, 
infrastructure nodes, transportation network and land use. 
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CHAPTER 3 
 
Methodology Overview 
3.1 Introduction 
Flood modelling (coastal, surface water and fluvial) and risk analysis were undertaken 
in different parts of Bangkok. The aim of this chapter is to provide an overview of the 
study area, modelling approaches, data requirements and availability. Specifically, 
section 3.2 presents the geographical and meteorological characteristics of the study 
area. Section 3.3 describes the models used in the simulations (FloodMap and HEC-
RAS). Section 3.4 sets out the evaluation metrics of the inundation modelling. An 
overview of data requirements, availability and processing is provided in Section 3.5, 
with further details described in corresponding chapters where data are used. 
3.2 Study Area 
3.2.1 Bangkok and Bangkok Metropolitan Region (BMR) 
As the capital and most populous city of Thailand, Bangkok has an estimated 8.25 
million citizens (National Statistic Office, 2012). The city (Figure 3.1) has been 
developing rapidly during the past decades and its footprint has expanded into five 
neighbouring provinces, namely: Nakhon Pathom, Pathum Thani, Nonthaburi, Samut 
Prakan and Samut Sakhon. The term Bangkok Metropolitan Region (BMR) refers to 
the wider region, which comprises the city itself and the neighbouring provinces that it 
has encroached upon. Overall, approximately 14 million or 22% of Thailand’s total 
population live in the BMR area of 7,760 km2.  
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Figure 3.1: Bangkok Metropolitan Region (BMR) 
This administrative region is located in the basin of the Chao Phraya River (Figure 3.2) 
which flows into the Gulf of Thailand and covers an area of about 35% of the total 
country (Hungspreug et al., 2000). The basin has two major river systems: the Chao 
Phraya River and the Tha Chin River. The Chao Phraya River starts at the confluence 
of Ping, Wang, Yom and Nan Rivers (Figure 3.2) which originate from the northern 
part of Thailand. The Chao Phraya flows southward through Bangkok into the Gulf of 
Thailand. The Tha Chin River is a distributary of the Chao Phraya River, which 
branches off the main river in the Chai Nat province and flows southward through the 
central plains into the Gulf of Thailand in Samut Sakhon Province.    
The lower Chao Phraya comprises of three types of delta landforms, including the 
floodplain in the northern part, the tidal plain in the central and southern part and the 
tidal plain in the most southern part of the delta (Umitsu, 2002). Figure 3.2 shows the 
topography of the Chao Phraya River basin. It is noted that the surface elevation of the 
tidal plain is low and the elevation of this area is on average just 1 m above mean sea 
level (Umitsu, 2002). 
Bangkok is one of the largest coastal cities in the world and it is highly vulnerable to 
the potential impacts of climate variability and change over the coming decades 
(Organization for Economic Co-operation and Development (OECD), 2007). Climate-
Thailand 
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related risks in Bangkok are associated with a large upland catchment, intense rainfall 
during the monsoon season and low-lying terrain within close proximity to the ocean.  
It was reported that at around 6000 years BP, sea level was 2 m higher than the current 
stage, suggesting that the coastline was approximately 100 km further inland which is 
where the Ayutthaya Province is currently located (Somboon, 1990). As such, much of 
the Bangkok region rests on low-lying terrain. Coastal inundation due to astronomical 
high tides occurs annually in the low-lying area close to the coast. Flooding due to river 
overtopping and coastal inundation are typical phenomena in the region. Apart from the 
threat of the rising sea level, during rainy seasons, extensive surface water and river 
flooding may occur because of the poor drainage systems, low-lying topography and 
land subsidence (Umitsu, 2002).  
 
Figure 3.2: The area highlighted on the map is the Chao Phraya River Basin  
Thailand 
• Bangkok 
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3.2.2 Climate 
Climate  in Thailand can be divided into 5 regions (Figure 3.3), including Northern, 
North-eastern, Central, Eastern, and Southern parts, based on typical meteorological 
conditions (Thai Meteorological Department, 2015). The climate of Thailand may be 
classified into three seasons: winter, summer and a rainy season (Thai Meteorological 
Department, 2012). Winter is from mid-October to mid-February, when the northeast 
monsoon brings cold and dry air from the anticyclone in mainland China, causing cold 
weather in the Northern part of Thailand (Figure 3.4a). Summer is from mid-February 
to mid-May. This season is the transition period between the northeast to the southwest 
monsoon. The rainy season is between mid-May and mid-October. Rainfall during this 
time is associated with the southwest monsoon, the Inter-Tropical Convergence Zone 
(ITCZ) and tropical cyclones. Rain occurrence during this period is influenced by the 
southwest monsoon (Figure 3.4b), which brings warm moist air from the Indian Ocean.  
 
Figure 3.3: Climate regions of Thailand are divided into 5 regions as follows: Northern, 
North-eastern, Central, Eastern, and Southern parts 
North 
Northeast 
Central 
East 
South 
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Figure 3.4: Wind Direction of the Northeast (a) and Southwest Monsoon (b) (Aon 
Benfield, 2012) 
Table 3.1 shows seasonal variations of average temperature in parts of Thailand during 
1981-2010. Table 3.2 presents the average seasonal rainfall and relative humidity 
during 1981-2010. Rainy season in the Southern part is different from other regions in 
Upper Thailand as rain here occurs during both southwest monsoon and northeast 
monsoon periods. Thailand is affected by Tropical cyclones moving from the South 
China Sea which is part of the North Pacific Ocean. Due to its location, further inland 
mountain ranges act as obstructions to wind hence decrease wind speed. Upper regions 
are generally affected by Tropical depressions (maximum wind speed less than 63 
km/hour). However, the Southern region is more exposed to Tropical Storm (maximum 
wind speed between 63-118 km/hour) and Typhoon (maximum wind speed above 118 
km/hour). Table 3.3 shows the frequency of tropical cyclones in various regions of 
(a) Winter 
(b) Summer 
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Thailand. Tropical cyclones frequencies in upper regions are high from August to 
October as the southwest monsoon usually move through the Northern and North-
eastern regions in early rainy season, and move across the Southern region, resulting in 
high frequencies of tropical cyclones during October – December period.  
Average annual rainfall in Chao Phraya River basin is about 1,100 – 1,400 mm 
(Hungspreug et al., 2000). Average annual rainfall in Bangkok Metropolitan Region is 
1,450 mm with the heaviest rainfall occurring in September and October (Department 
of Drainage and Sewerage, 2009).  It is likely that the increase in the extreme and 
prolonged rainfall event in recent decades (Chitradol et al., 2009; Marks, 2011) places 
further pressure on Bangkok’s adaptation to climate change, as future rainfall may 
continue its trend and cause even greater impacts.  
Table 3.1:  Average seasonal temperature (°C) in regions of Thailand, between 1981-
2010 period (Thai Meteorological Department, 2015) 
Region Winter Summer Rainy 
Mean temperature (°C) 
North 
 
 
 
 
23.4 
 
28.1 27.3 
Northeast 
 
24.2 28.6 27.6 
Central 
 
26.2 29.7 28.2 
East 
 
26.7 29.1 28.3 
South - East Coast 26.3 28.2 27.8 
South - West Coast 27.0 28.4 27.5 
Mean maximum temperature (°C) 
North 
 
 
 
 
31.1 36.1 32.4 
Northeast 
 
30.6 35.2 32.6 
Central 
 
32.3 36.2 33.4 
East 
 
32.0 34.1 32.3 
South - East Coast 30.4 33.0 32.7 
South - West Coast 32.0 34.1 32.3 
Mean maximum temperature (°C) 
North 
 
 
 
 
17.5 21.8 23.8 
Northeast 
 
18.7 23.2 24.4 
Central 
 
21.2 24.6 24.8 
East 
 
22.3 25.2 25.2 
South - East Coast 22.8 24.1 24.4 
South - West Coast 23.2 24.0 24.3 
 
 
Chapter 3 Methodology Overview 
 
 
 
60 
Table 3.2:  Average seasonal rainfall (mm) in regions of Thailand, between 1981-2010 
period (Thai Meteorological Department, 2015) 
Region Winter Summer Rainy Annual rainy days 
Mean seasonal rain fall (mm) 
North 
 
 
 
 
100.4 
 
187.3 943.2 122 
Northeast 
 
76.3 224.4 1,103.8 116 
Central 
 
127.3 205.4 942.5 116 
East 
 
178.4 277.3 1,433,2 130 
South - East Coast 827.9 229.0 680.0 145 
South - West Coast 464.6 411.3 1,841.2 178 
Table 3.3:  The frequency of tropical cyclones in regions of Thailand during 1951-2015  
(Thai Meteorological Department, 2015) 
Region Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 
North 
 
 
 
 
    5 2 10 17 25 11 1  71 
Northeast 
 
    1 6 4 18 33 25 4  91 
Central 
 
    2 1 1  7 9 2  22 
East 
 
    1 1 1  3 13 2  21 
South     1 1    3 15 24 9 53 
Total     1 10 10 16 35 71 73 33 9  
3.2.3 Flooding and flood risk in BMR  
Over the past two centuries, there has been a rapid increase in both the population and 
the extent of urbanization in the coastal zone, as well as extensive cultivation in the 
Bangkok region (Krairapanond and Atkinson, 1998; Manuta et al., 2006). These 
changes led to excessive usage of groundwater and resulted in an accelerated rate of 
land subsidence (Waltham, 2002; Marks, 2011). Moreover, the majority of the coastal 
population living in Southeast Asian deltas including the Chao Phraya Delta is 
increasingly affected by sea level rise (Ericson et al., 2006), not just in the coastal 
region, but also along the tidal rivers discharging into the sea. Despite the investment 
put into flood risk management in the region, fluvial floods in the Chao Phraya River 
basin are still frequent (Hungspreug et al., 2000; Manuta et al., 2006; Sousounis, 2012). 
Major floods in this area occurred in 1942, 1978, 1980, 1983, 1995, 1996, 2002, 2006, 
and 2011 (Hungspreug et al., 2000; Prajamwong and Suppataratarn, 2009; Ziegler, 
2012).  
The causes of flooding in Chao Phraya River basin include: i) low-lying topography; 
ii) high discharge from upstream rivers (floods in the years 1983, 1995, 2002, 2006 and 
2011); iii) heavy rainfall in local areas (floods in the years 1983, 1996, and 2002); iv) 
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decreasing natural storage areas and flow pattern change; v) land subsidence; and vi) 
global climate change driving increased rainfall and sea level (Prajamwong and 
Suppataratarn, 2009). Similarly, the Japan International Cooperation Agency (JICA, 
1986) flood protection and drainage project concluded that the drivers of flooding in 
the Eastern area of Bangkok include: i) intense precipitation; ii) high water level and 
high tide in the Chao Phraya River; iii) inflow from the northern and eastern part of 
Thailand; iv) land subsidence; v) unsystematic character of the drainage system; and 
vi) increased runoff caused by urbanization. 
3.3 Model Description 
Flood inundation modelling was undertaken using variants of FloodMap (Yu, 2005, 
2010; Yu and Lane, 2006a, b), a two-dimensional flood modelling tool suitable for 
topographically complex floodplains. FloodMap has been tested and verified with a 
range of boundary conditions and in a number of environments (e.g. Tayefi et al., 2007; 
Lane et al., 2008; Casas et al., 2010; Yin et al., 2013).  
For coastal inundation modelling (Chapter 4), an inertial version of the model was 
applied (FloodMap-Inertial). The model takes a similar structure as LISFLOOD-FP of 
Bates et al. (2010). Surface water flood modelling (Chapter 5) used FloodMap-
HydroInundation (Yu and Coulthard, 2015), which incorporates hydrological processes 
within floodplain flow routing of FloodMap-Inertial. Fluvial inundation modelling 
(Chapter 6) couples the one-dimensional (1D) river flow modelling (HEC-RAS) with 
two-dimensional (2D) floodplain flow routing (FloodMap-Inertial). 
3.3.1 Coastal inundation modelling (FloodMap-Inertial) 
The 2D flood inundation model (FloodMap-Inertial) takes the same structure as the 
inertial model of Bates et al. (2010), but with a slightly different approach to the 
calculation of time step. Neglecting the convective acceleration term in the Saint-
Venant equation, the momentum equation becomes:  
0
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Where q is the flow per unit width, g is the acceleration due to gravity, R is the hydraulic 
radius, z is the bed elevation, h is the water depth and n is the Manning’s roughness 
coefficient. Discretizing the equation with respect to time produces: 
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To further improve the stability of the model, one of the tq in the friction term can be 
replaced by ttq   and this gives the explicit expression of the flow at the next time step: 
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The flow in the x and y directions is decoupled and take the same form. Flow was 
evaluated at cell edges and depth at the centre. The Forward Courant-Freidrich-Levy 
Condition (FCFL) approach described in Yu and Lane (2011) for the diffusion-based 
version of FloodMap was used in the inertial model to calculate time step: 
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where w is the cell size, i
d
and j
d
 are the effective water depths, i
S
 and j
S
 are water 
surface slopes, and i and j are the indices for the flow direction in the x and y direction 
respectively. Effective water depth was defined as the difference between the higher 
water surface elevation and the higher bed elevation of two cells that exchange water. 
The minimum time step that satisfies the FCFL condition for all the wet cells was used 
as the global time step for this iteration. As the FCFL condition is not strictly the right 
stability criteria for an inertial system, this scheme may still not guarantee a stable 
solution, and thus may still produce unrealistic wave propagation. The universal time 
step calculated with FCFL may need to be scaled further by a coefficient, the value of 
which ranges between 0 (exclusive) and 1 (inclusive). A scaling factor of 0.5 – 0.8 was 
found to give stable solution to all the simulations carried out in this study and a scaling 
factor of 0.7 was used in all the simulations undertaken. 
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3.3.2 Surface water flood modelling (FloodMap-HydroInundation) 
Surface water flood modelling (Chapter 6) was carried out using FloodMap-
HydroInundation, which incorporates representations of infiltration, evapotranspiration 
and drainage capacity within the 2D flood inundation modelling of FloodMap-Inertial. 
The model was described fully by Yu and Coulthard (2015) and is reproduced here. 
3.3.2.1 Infiltration and evapotranspiration 
Infiltration over saturation is described with the widely used Green-Ampt infiltration 
equation, which approximates the rate of infiltration as a function of the capillary 
potential, porosity, hydraulic conductivity and time, taking the following form: 
𝑓(𝑡) = 𝐾𝑠(
𝜑𝑓+ℎ𝑜
𝑧𝑓
+ 1)  (3.5) 
where 𝐾𝑠 is the hydraulic conductivity of the soil at field saturation, 𝜑𝑓 is the capillary 
potential across the wetting front, ℎ𝑜 is the ponding water on the soil surface, and 𝑧𝑓 is 
cumulative depth of infiltration. Hydraulic conductivity is often used as a calibration 
parameter in hydrological studies (Yu and Coulthard, 2015; Sayama et al., 2015).   
Evapotranspiration is calculated using a simple seasonal sine curve for daily potential 
evapotranspiration (Calder et al. 1983) with the equation below: 
𝐸𝑝 = 𝐸𝑝 + [1 + sin⁡(
360𝑖
365
− 90)]  (3.6) 
Where 𝐸𝑝 is the mean daily potential evapotranspiration and i is the day of the year. 
3.3.2.2 Drainage capacity in urban areas 
Mass loss to the storm sewer system was represented in the model by a design capacity, 
usually corresponding to a rainfall event of certain intensity (mm/h) and return period. 
If the model is applied to an extreme event (defined here as a > 1 in 100 year), it is 
reasonable to assume that the storm sewer system drains water away at the maximum 
design capacity. For each time step, the amount of runoff lost to the urban storm sewer 
systems was calculated by scaling the drainage capacity (mm/hour) for the time step. A 
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distributed drainage capacity can also be incorporated by the model on a cell-by-cell 
basis. Although distributed drainage capacity can be used in the model to represent the 
spatial variation in drainage capacity, this study used the uniform drainage capacity due 
to the lack of spatial drainage data. Drainage systems in urban areas rarely function to 
their full capacity due to lack of maintenance. Therefore, drainage capacity is often 
used as a calibration parameter in surface water flood modelling (Yu and Coulthard, 
2015; Sayama et al., 2015).  
3.3.3 Fluvial inundation modelling (FloodMap-Inertial and HEC-
RAS) 
The Hydrologic Engineering Center’s River Analysis System (HEC-RAS) (U.S. Army 
Corps of Engineers, 2016) was employed for the simulation of 1D unsteady river flow. 
HEC-RAS predicts flow velocity and depth at a series of cross-sections which are used 
to represent river channels. If overbank flow and floodplain inundation are of interest, 
the floodplain adjacent to the river channel may be represented as extended cross 
sections or storage areas. The 1D Saint-Venant equations were solved using the finite 
difference method at individual cross sections. Flow variables predicted at cross 
sections were then interpolated to obtain flow variables for areas in between cross 
sections. To derive floodplain inundation, water levels can then be overlain on a Digital 
Elevation Model (DEM) to produce flood inundation extent (e.g. Tayefi et al., 2007). 
Flood inundation using the 1D approach has limitations as it does not consider explicitly 
flow routing on the floodplain. For example, places which are not connected to the river 
may be wrongly classified as flooded when they are lower than the water levels at the 
cross sections. In this study, predictions obtained from HEC-RAS at individual cross 
sections were used as input to FloodMap to derive flood inundation. Details of the 
coupling is provided in Section 6.2.4. 
3.4 Evaluation Metrics for Flood Inundation Modelling 
Various metrics can be used to evaluate the performance of flood inundation modelling, 
which was undertaken for coastal (Chapter 4), surface water (Chapter 5) and fluvial 
cases (Chapter 6). These metrics are often used as the options in the report of model 
accuracy (Yu and Lane, 2006a, b; Bates et al., 2010). The overall objective of the 
evaluation metrics is to allow the statistical analysis of the model predictions of 
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inundation extent, flow directions, and water depth. Here a description of the statistics 
used in the study is provided, including: (i) the overall accuracy, (ii) F Statistics, (iii) 
Kappa Wet, (iv) Depth RMSD (Root-Mean-Square Deviation), and (v) total inundation 
areas. 
3.4.1 Overall accuracy 
Overall accuracy was calculated using Equation (3.7) as the sum of the correctly 
predicted cells divided by the total number of cells: 
𝑂𝑣𝑒𝑟𝑎𝑙𝑙⁡𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = ⁡
∑ 𝑛𝑖𝑖
𝑘
𝑖=1
𝑛
 (3.7)  
where i is the pixel index, n is the total number of pixels and k is the number of pixels 
both predicted and observed to be wet. The main disadvantage with this statistic is that 
it is strongly dependent upon the number of mesh cells used in the computation in 
relation to the maximum inundated cells: the statistic may appear to do very well if the 
number of dry cells that are never wetted but are always both observed and predicted 
as dry is large. 
3.4.2 F Statistics 
In the context of flood inundation modelling, the overall accuracy will inevitably 
introduce bias into the results, especially in situations where a high proportion of both 
the simulation domain and the actual domain remain dry (Yu, 2005). Two main 
alternatives emerge. First, in most cases, we are interested in how the model-predicted 
wet areas agree with the validation dataset (e.g. flood outline, or point water depth). 
Thus, model performance can be assessed using a measure of fit F to compare the model 
predicted inundation extent with the validation dataset (e.g. Horritt and Bates, 2001a, 
2002). In terms of a contingency matrix (Cohen, 1960), F is defined by: 
 𝐹𝑖 =⁡
𝑛𝑖𝑖
𝑛𝑖+⁡𝑛+𝑖−⁡𝑛𝑖𝑖
 (3.8) 
where ni is the number of pixels observed to be wet and n+i is the number of pixels 
predicted to be wet, and nii is the number of pixels both observed and predicted to be 
wet. 
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3.4.3 Kappa Wet 
In some situations, Equation (3.8) needs to be corrected for bias, which may be 
introduced by the area occupied by the river (Horritt and Bates, 2001b). A natural 
extension of this and one that is important for statistical testing is the Conditional Kappa 
statistic. This is based on the maximum likelihood estimate of the Kappa coefficient for 
the conditional agreement of the ith category (e.g. wet areas). The expected number of 
cells that would be wet nii under a random simulation is ni+n+i/n and the maximum 
number of cells that are predicted as wet (ni+) is the maximum number of cells that 
could be classified correctly as wet. Thus, 
?̂?𝑖 =⁡
𝑛𝑖𝑖−⁡(
𝑛𝑖+𝑛+𝑖
𝑛
)
𝑛𝑖+⁡−(
𝑛𝑖+𝑛+𝑖
𝑛
)
⁡=
𝑛𝑛𝑖𝑖−⁡𝑛𝑖+𝑛+𝑖
𝑛𝑛𝑖+−⁡𝑛𝑖+𝑛+𝑖
 (3.9) 
If i is calculated for wet cells, use of Equation (3.9) eliminates the effects on the 
numerator of a large number of cells that are always dry in both the model and the 
classification data, although both the numerator and the denominator are affected by 
the total number of cells used. 
3.4.4 Depth RMSD  
Predicted water depths were compared to evaluate the precision of the model relative 
to the reference dataset. Depth RMSD was calculated as: 
𝑅𝑀𝑆𝐷 = √
∑ (𝑑
𝑖
𝑝𝑟𝑒𝑑
−⁡𝑑
𝑖
𝑟𝑒𝑓
)2
𝑞
𝑖=1
𝑛
 (3.10) 
where, for each verification, q is the number of predicted wet cells, 𝑑𝑖
𝑝𝑟𝑒𝑑
 and 𝑑𝑖
𝑟𝑒𝑓
 are 
the predicted and reference water depths, respectively. 
3.4.5 Total inundation area 
Total inundation area is widely used to represent the magnitude of flooding. Typically, 
a threshold value for water depth is set, below which it an area is treated as not flooded. 
In this study, this is set as 2 cm, a typical value used in previous studies for nuisance 
flooding. The time series of inundation was used as a metric to evaluate the temporal 
difference between simulations, especially for model calibration and parameterisation. 
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However, this metric can be misleading when the lateral confinement of the floodplain 
topography (e.g. a storage area) is reached; in this case rising water level may not result 
in further expansion of flooding on the floodplain. 
3.5 Data Requirements and Availability  
Section 3.5.1 summarises the physical data required for flood inundation modelling. 
Social-economic data used in risk analysis are described in Section 3.5.2. 
3.5.1 Physical data for flood modelling 
Due to the scope of the modelling work, a range of physical data were required and 
collected. During May 2013 and May 2014, fieldwork was undertaken in Thailand for 
data collection. The data requirements and availability are summarized in Table 3.4 
below and detailed in the corresponding sections. 
Table 3.4: Summary of the data needs and availability for the modelling of flood 
inundation 
Data Types Data requirement and availability 
Fluvial modelling Coastal modelling Surface water 
modelling 
Model 
Geometry 
(MG) 
River cross-section data 
(§3.5.1.3) 
Available Not required Not required 
Floodplain topography 
(§3.5.1.1) 
Available Available Available 
Land subsidence (§3.5.1.5) Available Available Available 
Flood Defence (§3.5.1.6) Available Available Not required 
Boundary 
Condition 
(BC) 
Stage hydrographs along 
river-floodplain boundaries 
(§3.5.1.3) 
Available Not required Not required 
Flow data at gauging 
stations (§3.5.1.3) 
Available Not required Not required 
Tidal level (§3.5.1.2) Available Available Not required 
Floodplain roughness 
(§4.2.3, §5.2.2, §6.3.1) 
Available Available Available 
River channel roughness 
(§6.2.4) 
Available Not required Not required 
 Precipitation data (§3.5.1.4, 
§5.2.2) 
Not required Not required Available 
Validation 
(V) 
Inundation area (§4.2.2.5) Not available  Available Not available  
Hydrometric data (point) 
(§6.4.1)  
Available Not available  Not available  
Social media photographic-
evidence (§5.2.2) 
Not available  Not available  Available 
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3.5.1.1 Topographic data  
As a consequence of the extent of flooding in Thailand 2011, four agencies including 
the Royal Thai Survey Department (RTSD), the Geo-Informatics and Space 
Technology Development Agency (GISTDA), the Royal Irrigation Department (RID) 
and the Japan International Cooperation Agency (JICA) participated in the project of 
elevation data production over the Chao Phraya River Basin, focusing on the use of 
Light Detection And Ranging (LiDAR) technology. LiDAR is a technology that 
provides high resolution topographical information of the Earth’s surface, allowing the 
generation of features such as ground elevation, vegetation, forest structure, and 
buildings. It has been applied in many studies for flood risk mapping, terrain modelling 
and land cover classification (Lim et al., 2003). A LiDAR system was utilized in the 
collection of the high-resolution elevation data in this area. Then, the terrestrial LiDAR 
point cloud was processed into a Digital Elevation Model (DEM) using procedures 
developed by JICA (Japan International Cooperation Agency). A processed, 10-m 
resolution DEM of Chao Phraya River Basin with WGS84 projection was provided by 
the Thailand National Spatial Data Infrastructure Committee, Geo-Informatics and 
Space Technology Development Agency (GISTDA). It has 1 m horizontal and 30 cm 
vertical accuracy. However, the obtained LiDAR data does not cover the whole of the 
Chao Phraya River basin. There are missing tiles covering large areas surrounding the 
main river channel where ‘sensitive’ areas (e.g. military infrastructure) is located 
(Figure 3.5). The 30-m resolution data were tested to fill the gap of the missing tiles in 
the high resolution data, but the results are not satisfactory due to the poor quality of 
the 30-m data. Therefore, the study sites were divided into 3 sites for each type of flood 
modelling including coastal flood modelling, surface water flood modelling, and fluvial 
flood modelling.  
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Figure 3.5: The Digital Elevation Model (DEM) used in the study. Red indicates high 
elevation and blue as low. Missing tiles (black and white areas) are sensitive areas 
unavailable to this study. KL station is to the left and HD and PC stations are on the 
right in the enlarged map. The stations are used further in Chapter 6 where fluvial 
flood modelling was undertaken. 
3.5.1.2 Tidal data 
Tidal levels in the Gulf of Thailand are known to affect the water level in Chao Phraya 
River, up to 150 kilometres inland (Engkagul, 1993; Ziegler et al., 2012). The 
coincidence of high tide and peak river flow contributes to inundation in some areas of 
the city. The highest tides in the Gulf of Thailand normally occur during November and 
December (Vitoolpanyakij, 2007). Tidal data are required for fluvial and coastal flood 
modelling. Hourly water level records at Pom Phachun (PC) and Hydrographic 
Department (HD) stations (Figure 3.4) were provided by the Hydrographic Department, 
Royal Thai Navy, while the records at Ko Lak (KL) were obtained from Permanent 
Service for Mean Sea Level (www.psmsl.org). Details of the available data are 
presented in Table 3.5. These data were used in frequency analyses to derive tidal levels 
of various return periods (Section 4.2.2.3). Tidal data were also used for fluvial flood 
modelling to correlate tidal level with river stage for introducing sea level scenarios 
into fluvial flood modelling (Section 6.3.2). 
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Table 3.5: Availability of hourly water level records at Pom Phrachun (PC), 
Hydrographic Department (HD) and Ko Lak (KL) stations (Figure 3.4)  
Year 
Hourly data 
Pom Phrachun (PC) Hydrographic Department 
(HD) 
Ko Lak (KL) 
1983    
1984    
1985    
1986    
1987    
1988    
1989    
1990    
1991    
1992    
1993    
1994    
1995    
1996    
1997    
1998    
1999    
2000    
2001    
2002    
2003    
2004    
2005    
2006    
2007    
2008    
2009    
2010    
2011    
2012    
 
3.5.1.3 River discharge and cross-section  
Daily river flow and cross-section profiles at 11 gauging stations located within Chao 
Phraya River basin were obtained from the Royal Irrigation Department (RID). Figure 
3.6 shows the locations of the flow gauging stations. Daily flow availability are 
summarized in Table 3.6. Cross-sectional profiles and daily flow data used in fluvial 
flood modelling (Chapter 6) are described further in Section 6.2.   
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Table 3.6: Daily runoff data from the gauging stations located in Chao Phraya River 
basin (Source: Royal Irrigation Department)   
Station Name Cross section geometries  Water year 
C.2 2010 1956 – 2013  
C.4 2010 1977 – 2012 
C.7A 2010 1976 – 2013  
C.12 2010 1963 – 2012 
C.13 2010 1952 – 2013  
C.22A 2010 1963 – 2003 
C.35 2012 1992 – 2013 
C.36 2012 1992 – 2013 
C.37 2012 2000 – 2013 
C.38 2010 2005 – 2012 
S.5 2010 1952 – 2013 
 
 
Figure 3.6: Locations of flow gauging stations and rainfall stations (Data sources: 
Royal Irrigation Department and Thai Meteorological Department)  
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3.5.1.4 Precipitation 
Daily rainfall 
Precipitation data were required for surface water flood modelling (Chapter 5). These 
data were provided by the Thai Meteorological Department, and the Department of 
Drainage and Sewerage, Bangkok Metropolitan Administration. Daily rainfall data 
from 10 stations located in the Chao Phraya River basin were obtained from the Thai 
Meteorological Department (Table 3.7). Locations of the stations are shown in Figure 
3.6.  
Table 3.7: Daily precipitation data from the stations located in Chao Phraya River basin 
(Sources: Thai Meteorological Department) 
Station Name Period 
400201 Nakhon Sawan 1951-2013 
426201 Lopburi 1951-2013 
455201 Bangkok Metropolitan 1951-2013 
455601 Don Muang 1951-2013 
400301 Takfa Agromet 1969-2013 
455301 Bang Na 1969-2013 
402301 Chainat 1970-2013 
415301 Ayuttaya Agromet 1993-2013 
419301 Pathumthani Agromet 1994-2013 
429601 Suwanabhum Airport 2007-2013 
 
Sub-daily (5-minute) rainfall 
Five-minute rainfall data between 2 am and 8 am on 8th June 2015 were provided by 
the Department of Drainage and Sewerage, Bangkok Metropolitan Administration 
(Table 3.8). A location map of the rainfall stations is presented in Figure 3.7. Rainfall 
data processing will be detailed in Chapter 5 where surface water flood modelling is 
undertaken (Section 5.2.2 and Section 5.2.3).  
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Table 3.8: Five-minute precipitation data from the stations located in the inner 
Bangkok region (Source: Department of Drainage and Sewerage, Bangkok 
Metropolitan Administration)  
Station Code Station Name 
WS11 Phaya Thai 
WS17 Huai Khwang 
WS19 Ratchathewi 
WS29 Wattana 
WS30 Khlong Toei 
WS31 Phra Khanong 
WS32 Bang Na 
WS33 Thon Buri 
WS36 Bangkok Yai 
WS38 Taling Chan 
WS39 Chom Thong 
WS50 Control Center 
WS53 Phra Khanong Pump 
 
 
Figure 3.7: Location of the rainfall stations in the study site (Department of Drainage 
and Sewerage, Bangkok Metropolitan Administration, 2015). Area enclosed in the 
orange outline is the surface water flood modelling site (Section 5.2.1, Chapter 5). 
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3.5.1.5 Land subsidence  
Land subsidence is considered as one of the main human-related factors driving future 
flood risks in the BMR. The pace of land subsidence in the Bangkok Metropolitan 
Region was based on the observation rate of land subsidence of 1.2 mm to 7.1 mm per 
year between 1979 and 2007 (World Bank, 2009). However, a recent study (Naeije et 
al., 2012) using the combined methods of satellite altimetry and GPS based vertical 
land motion on 23 RADARSAT-1 images estimated that the land subsidence rate in the 
greater Bangkok area varies between 15 – 25 mm per year for the period between 2005 
and 2012. Aobpaet et al. (2013) conducted the InSAR analysis of RADARSAT-1 
images for Bangkok between 2005 and 2010 and reported distributed rates of land 
subsidence for five study areas (Figure 3.8). A land subsidence rate of up to 25 mm per 
year was found in the west of the Chao Phraya River mouth where extensive inundation 
has occurred. Moreover, land subsidence on the east of the river mouth (area c), where 
an urban industrial sector has been developing, recorded high subsidence rates. 
Therefore, a land subsidence rate of 25 mm per year can be seen as the worst case 
scenario and this is considered in the simulation design for all the three type of flood 
modelling. 
Two separate sites on either side of the Chao Phraya River mouth (Figure 4.7) were 
modelled for coastal flood risks due to the lack of topographic data that cover the whole 
coastal area. Distributed rates of land subsidence (Aobpaet et al., 2013) were employed 
in the eastern study site of the coastal flood inundation. For the western study site, 
where distributed rates of land subsidence were not available, uniform land subsidence 
rates were assigned. For surface water flood modelling, the distributed rate of land 
subsidence was used. For fluvial flood modelling, as the distributed rate of land 
subsidence does not cover the entire study site, the uniform rate was applied to a small 
area where distributed rates are not available (Section 5.2.3).  
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Figure 3.8: Land subsidence rate (mm/year) derived from InSAR time-series analysis 
(Aobpaet et al., 2013). Where data are available, this dataset is used in this study for 
land subsidence projection  
3.5.1.6 Flood defence 
Flood protection measures were introduced to the Bangkok Metropolitan Region 
following the great flood of 1983, under His Majesty the King’s initiatives on flood 
mitigation in 1995. These include dikes and flood barriers, which were constructed 
along the Chao Phraya River to prevent overland flow from entering the city (the King’s 
Dike). The dike system has since been improved by elevating and extending the 
concrete roads adjacent to the defences. Since 2006, the Department of Drainage and 
Sewerage (DDS) and Royal Irrigation Department (RID) have implemented the flood 
protection project in the eastern suburban area outside the King’s Dike. Engineering 
measures (e.g. flood gates) and flood barriers covering a length of 956 km were 
constructed along main canals to prevent overland flow from adjoining areas. Due to 
land subsidence, the actual levels of flood defences have reduced in some areas. Flood 
defence data which were considered in the coastal and fluvial flood modelling were 
provided by the Geodesy and Geophysics Division, Royal Thai Survey Department 
(2010). The elevation of flood defence in the Bangkok Metropolitan Region was 
derived from 1,853 survey locations. Their locations are shown in Figure 3.9. 
1. Thailand 
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Figure 3.9: Map showing the flood protection system (Data source: Department of 
Drainage and Sewerage, BMA) 
3.5.2 Social and economic data 
To examine the social-economic impacts of flooding, building and infrastructure 
locations, land use, transportation network and statistical datasets of main export 
commodities were collected. (Table 3.9). These were acquired from various sources, 
including the Ministry of Transport (2010), the Department of Public Works and Town 
and Country Planning, Ministry of the Interior (2014), the Department of City Planning, 
Bangkok Metropolitan Administration (2014), and the Department of International 
Trade Promotion, Ministry of Commerce (2015).  
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Table 3.9: Sources of social and economic data 
Data Source 
Base map of Thailand  
- Administrative district 
- Road 
- River 
Ministry of Transport  
Base map of Nonthaburi, Samut Prakarn 
and Samut Sakhon Provinces 
- Building  
- Landuse 
Department of Public Works and Town and Country 
Planning, Ministry of the Interior  
Base map of Bangkok Metropolitan area 
- Administrative district  
- Road  
- River and canal  
- Building  
- Landuse 
Department of City Planning, Bangkok Metropolitan 
Administration 
Export commodity 
- Motor cars, parts, and accessories 
- Electronic machines  
- Jasmine rice  
- Shrimp, prawn, and lobster 
Department of International Trade Promotion, Ministry 
of Commerce 
3.5.2.1 Buildings and critical infrastructure 
Buildings and critical infrastructure were reclassified into 19 types of uses based on 
data categories provided by the Department of Public Works and Town and Country 
Planning and the Department of City Planning and further grouped into 3 main types 
of use, including: (i) residential houses and buildings; (ii) industry and commerce 
(wholesale warehouse, commercial building, business, financial service, market and 
plant nursery and livestock housing);  and (iii) critical infrastructure (electricity 
substation, gas station, fire station, telecommunication, landfill and wastewater 
treatment, government property, hospital, daycare and nursing home, temple, school 
and transportation station including rail and pier stations).  
3.5.2.2 Land use and transportation network 
Land use was reclassified into 8 classes based on data categories provided by the 
Department of Public Works and Town and Country Planning and the Department of 
City Planning and further grouped into 3 main categories including: (i) agricultural use 
(rice field, salt field, cultivated land and aquaculture); (ii) natural resources (forestry 
and wetland); and (iii) other land use (unused and vacant land and land for other use). 
Roads were reclassified by road surface types, including: concrete, asphalt, and gravel 
and footpath.  
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3.5.2.3 Statistical datasets of export commodities 
Wider, cascading flood impacts were also explored, using the annual commodity export 
statistics (total value) during and after the 2011 event, provided by the Department of 
International Trade Promotion, Ministry of Commerce, Thailand 
(http://www.ditp.go.th/). Four statistical datasets of the export commodities including; 
(i) motor cars, parts, and accessories; (ii) electronic machines; (iii) Jasmine rice and (iv) 
shrimp, prawn, and lobster were collected from the Department of International Trade 
Promotion, Ministry of Commerce, Thailand. The wider impact of flooding on 
commodity export was explored (Section 6.4.4) 
3.5.3 Validation data 
Observational data derived from various sources in relation to baseline events were 
used to evaluate the performance of flood modelling. Inundation extents derived from 
MODIS imagery were employed in the validation of the coastal flood modelling for the 
October 2011 event (Section 4.2.2.5, Chapter 4). Geo-located photos and videos 
uploaded to social media and social networks by the public during and after the flood 
event were collected to validate the performance of surface water flood modelling of 
the July 2015 event (Section 5.2.2, Chapter 5). Water levels recorded at the downstream 
gauging stations during the 2011 event were used in the validation and calibration of 
fluvial flood modelling (Section 6.4.1, Chapter 6). 
 
 
Chapter 4 Coastal Flood Modelling and Risk Analysis 
 
 
79 
CHAPTER 4 
 
Coastal Flood Modelling and Risk Analysis 
4.1 Introduction 
To date, a limited number of studies have investigated the combined impacts of rising sea 
level, land subsidence and storm surge on coastal areas of the Bangkok Metropolitan 
Region (BMR), where commercial and agricultural activities are concentrated 
(Supharatid and Wichaimekphat, 2008; World Bank, 2009; Dutta, 2011). Supharatid and 
Wichaimekphat (2008) investigated impacts of coastal flooding in BMR considering 
regional sea level rise and rainfall according to IPCC A1F1 and B1 scenarios. World 
Bank (2009) carried out the simulation to study impacts of future changes in precipitation, 
sea level rise, land subsidence, and storm surge in BMR, using the IPCC A1F1 and B1 
scenarios. Impacts of coastal flooding in the BMR is worth exploring further due to the 
advances in technology, improved data availability and recent advances in numerical 
modelling approaches. The aim of this chapter is to explore the present and future flood 
risks in the coastal region and improve our understanding of flood vulnerabilities 
associated with climate-related processes (e.g. sea level rise and storm surge) and human-
induced processes (e.g. land subsidence). 
This chapter is divided into four sections. Section 4.2 describes the methodology of 
coastal flood modelling, including: the study site, scenario projection, data 
requirements and processing. Results of the sensitivity analysis, model validation, and 
model applications are discussed in Section 4.3 followed by conclusions in Section 4.4.   
4.2 Methodology 
4.2.1 Coastal modelling sites 
Due to the lack of topographic data at the river mouth (Section 3.5.1, Chapter 3), instead 
of modelling the entire Chao Phraya River estuary region as a whole, coastal flood 
modelling was undertaken at two sites, extending approximately 28 kilometres to the 
eastern side and 36 kilometres to the western side from the river mouth of the Chao 
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Phraya River estuary (Figure 4.1). The eastern study site includes parts of Bangkok and 
Samut Prakan provinces while the western study site spans three provinces (Bangkok, 
Samut Prakan, and Samut Sakhon).  
 
Figure 4.1: Coastal flood modelling sites on the eastern and western parts of Chao 
Phraya River.  
 
The distinctive landuse types in the two sites provide an interesting comparison 
regarding the potential risks and impacts. In the past few decades, industrialization and 
urbanization have increased rapidly in the BMR. The eastern site (Figure 4.2a) which 
is located in the south of Bangkok has experienced the most rapid industrialization in 
Thailand since the late 1980s (Torii et al., 1991). There are two main industrial estates 
located in the east study site, including Bang Pu Industrial Estate and Bang Phli 
Industrial Estate. Roads were constructed along with industrial estates. The inland 
mangrove forests were transformed to shrimp farms and salt field in both study sites. 
Shrimp and blood cockle aquaculture are the most intensive activities in the western 
site (Figure 4.2b) (Torii et al., 1991; Jarungrattanapong and Manasboonphempool, 
2008). This is reported by Tonmanee and Kuneepong (2004) who summarize that 
agricultural areas in BMR have decreased while the residential and industrial zones 
have increased during 1980-2001. Similarly, Marome (2013) investigated landuse 
modifications during 2000-2010 and concluded that residential areas for almost all 
provinces in the BMR have predominantly increased. Furthermore, the agricultural and 
• HD 
• PC 
East West 
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floodplain area has changed to other landuse types including residential, industrial and 
commercial areas. 
  
Figure 4.2 :Satellite images of the East )a (and the West )b (study sites  ) Source :Esri, 
DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, 
Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community( 
(a) 
(b) 
Bang Pu Industrial Estate 
Bang Phli Industrial Estate 
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4.2.2 Data processing 
The overview of data requirement and availability has been provided in Section 3.3. 
This section presents the data processing for coastal flood modelling, including the 
topographic data, flood defence, tidal water level, and validation data. 
4.2.2.1 Topographic data  
The 20 m digital elevation models for the western and eastern sites are shown in Figure 
4.3a and 4.3b, covering an area of 36 x 19.5 km and 28 x 28 km respectively, with the 
number of pixels at the upper limit of modelling capacity (close to 2 million pixels) of 
FloodMap within a reasonable time frame (days). Running time for the simulations of 
projected scenarios ranges between 13 and 82 hours depending on the model resolution 
and domain size. The duration of the event being simulated is 24 hours.  
 
Figure 4.3: DEMs of the East (a) and the West (b) study site 
 (a) 
 (b) 
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4.2.2.2 Flood defence construction  
Flood defence was manually digitized into GIS vector format based on documents from 
the Geodesy and Geophysics Division, Royal Thai Survey Department (2010). The data 
digitized were interpolated to generate rasterized flood defences and incorporated into 
the DEM, allowing flood defence heights to be considered in the simulations (Figure 
4.4). No flood defence is present in the western part due to its rural nature, so the 
original DEM was used.  
 
Figure 4.4: Flood defence construction in the eastern study site. 
4.2.2.3 Tidal data 
Frequency analysis of the tidal records was undertaken using the historical data at the 
Hydrographic Department (HD) station during 1940-2011 and Ko Lak (KL) station 
during 1985-2012 (Section 3.5.1.2) to relate the magnitude of a naturally occurring 
event to the probability of its occurring in a given time period.  Return periods of flood 
events are calculated from the annual maximum water level at HD and KL. The 
limitation of historical records (72 years at HD and 28 years at KL) may cause 
uncertainties in the evaluation of future flood events, but the use of flood probability is 
still useful for flood hazard estimation. Based on this method, the return period values 
for sea level calculated at HD and KL stations are derived (Table 4.1). Results show 
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that the peak tidal level at HD (2.5 m) and KL (1.69 m) during the 2011 flood event 
approximately corresponds a 1 in 100-year flood event.   
Table 4.1: Water level and the corresponding return period at Hydrographic 
Department (HD) and Ko Lak (KL) stations (Figure 3.5) 
Return period 
(Years) 
Water level (m) 
Hydrographic Department Ko Lak 
100 2.5 1.69 
50 2.38 1.64 
25 2.26 1.59 
20 2.22 1.57 
10 2.08 1.52 
5 1.94 1.45 
2 1.72 1.34 
1 1.36 1.02 
4.2.2.4 Baseline event – 30th October 2011 
The 24-hr tidal level of the 30th October 2011 event (Figure 4.5) recorded at the Pom 
Phrachun gauge station (PC) was used as the baseline event for the scenarios designed 
(Section 4.2.4). This event was chosen because it generated one of the highest river 
stages recorded at the study site across the gauging stations along the Chao Phraya 
River. The tidal level in the Gulf of Thailand prolonged and exacerbated the 2011 flood 
event as high tides coincided with peak river flows during the event. As historical 
records at the PC station are not available, it was correlated with the records at the HD 
and KL stations and frequency analysis was undertaken in HD and PC. The correlation 
between hourly water levels at the HD and PC stations is estimated using the 2011 
records. Details of the correlation are presented in Section 6.3.2. The 2011 peak tidal 
level at the PC station is estimated to be 1 in 100 years.  
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Figure 4.5: Baseline tidal event at PC station on 30th October 2011. Arrow points to the 
time when the validation imagery was acquired (section below).  
4.2.2.5 Observed inundation extent for the baseline event  
MODIS images were obtained from the NASA Land Process Distributed Active 
Archive Centre (LP DAAC). The Terra Moderate Resolution Imaging 
Spectroradiometer (MODIS) images acquired on 30th October 2011 were used to derive 
flood extent in the coastal area for the 2011 baseline event. Supervised classification 
was undertaken to delineate flood extents using ArcGIS. Flood extent was used as a 
point-in-time validation data for the model simulation (Section 4.2.3). The images were 
acquired at 10.30 am on the 30th of October, 10 hours into the simulation, on the falling 
limb of the first peak (Figure 4.5). The extents derived are presented in model validation 
and calibration (Figure 4.10). 
4.2.3 Model calibration and sensitivity analysis 
Model calibration and sensitivity were undertaken with the baseline event, using 
roughness as a key parameter and model meshes with various spatial resolutions (10, 
20, 30, 40 and 50 m). These were combined with different roughness values (n = 0.01, 
0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09 and 0.1) to examine the interaction between 
mesh resolution and roughness.  
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Two sets of reference datasets were employed in model validation and verification to 
compare between simulations. First, point-in-time flood extent described in Section 
4.2.2.5 was used in all scenarios to compare with model predictions (validation). 
Second, time series of inundation extents obtained from the default resolution (10 m) 
were compared with model predictions using other model resolutions (20, 30, 40 and 
50 m) over time, taking the form of model verification. Evaluation metrics described in 
Section 3.4, including overall accuracy, F, RMSD, Kappa and total inundation area 
were used in the model validation and verification process. 
4.2.4 Scenario design  
To understand the potential impacts of natural and anthropogenic processes on coastal 
areas, three main contributing factors including sea level rise, land subsidence and 
storm surge were taken into consideration in designing coastal flood scenarios, 
following the sensitivity analysis of mesh resolution and roughness. The projection of 
how main contributing factors to coastal flooding may change in the future is based on 
a review of the literature (Section 2.3.5). Scenarios were designed with projections to 
2050, 2080 and 2100.  
4.2.4.1 Future scenarios of sea level rise  
A detailed account of sea level rise observations and projections has been provided in 
Section 3.5.1.2. Local projections of SLR are unavailable, hence two IPCC projections 
were used, along with a worst case scenario projected by NOAA. This covers the 
plausible range of potential SLR values. The projection of sea level rise used in the 
scenario design is based on two Representative Concentration Pathways (RCPs) 
according to the fifth Assessment Report (AR5) of the Intergovernmental Panel on 
Climate Change (IPCC, 2013). It is estimated that global mean sea level rise for 2081- 
2100 relative to 1986-2005 will likely be in the range of 0.26 to 0.55 m for RCP2.6 and 
0.45 to 0.82 for RCP8.5. Additionally, the extreme value of sea level rise reported by 
NOAA (2014) was used as the worst case scenario. Table 4.2 presented the projected 
SLR values for 2050, 2080 and 2100, relative to 2011 for the Bangkok Metropolitan 
Region coastal zone.  
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Table 4.2: Sea Level Rise Scenarios considered in the simulations (Baseline year = 
2011) 
SLR Scenarios 
Rate of sea level rise (mm/year) 
2041-2050 2071-2080 2091-2100 
SLR1 (Low) 4.51 4.43 4.34 
SLR2 (High) 5.28 6.75 7.71 
SLR3 (Worst Case) 20.6 20.6 20.6 
4.2.4.2 Land subsidence 
Both uniform and distributed land subsidence rates are considered in the scenario 
design. First, uniform land subsidence rates of 1.2 mm to 7.1 mm per year between 
1979 and 2007 concluded by World Bank (2009) were assigned for both eastern and 
western sites, assuming the trend of land subsidence continues. Furthermore, the 
maximum rate of land subsidence of  25 mm per year reported in Naeije et al. (2012) 
and Aobpaet et al. (2013) were used as the worst case scenario. These are summarized 
in Table 4.3.  
Table 4.3: Uniform land subsidence rate scenarios considered in the simulations 
(Baseline year = 2011) 
LS Scenarios Rate of land subsidence (mm/year) 
LS1 (Low) 1.2 
LS2 (High) 7.1 
LS3 (Worst Case) 25 
 
In addition, distributed land subsidence rates provided by Aobpaet et al. (2013) were 
also considered for the eastern site to derive future topographies (Figure 4.6). However, 
this was not used for the western site where distributed land subsidence rates are not 
available (Section 3.5.1.5).  
Point vector dataset of distributed land subsidence rates during 2005-2010 (Figure 4.6b) 
were derived from Aobpaet et al. (2013) and interpolated using a linearly weighted 
combination of a set of points, Inverse Distance Weight (IDW) technique, to generate 
a surface raster dataset. The raster data of land subsidence were combined with the 2011 
DEMs to represent the baseline topography in the eastern study site. Land subsidence 
rates were projected to 2050, 2080, and 2100 to generated the input DEMs for 2050, 
2080, and 2100 projection. Maps show that rates increased considerably in some areas 
such as in the center, the western and the eastern of the study site.  
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(a) 
(b) 
(c) 
Figure 4.6: Distributed land subsidence maps for the eastern study site including 
baseline DEMs in (a) 2011; (b) land subsidence rates between 2005 and 2010 (Aobpaet 
et al. 2013); and projection of land subsidence to (c) 2050, (d) 2080, and (e) 2100  
 
2011 
2005-2010 
2050 
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(d) 
(e)  
Figure 4.6 (Continued) 
4.2.4.3 Storm surge 
Due to its geographical location, storm surge is rare in the Gulf of Thailand. However, 
there have been occasions when tropical cyclones induced storm surge in the region 
(e.g. 1997 and 1989). A single storm surge of 0.61m was used, which is the highest 
record at the Chao Phraya River mouth (World Bank, 2009) and occurred in 1997. 
Scenarios with and without storm surge were designed.  
Table 4.4: Storm surge height considered. 
SS Scenarios Storm Surge (m) 
SS0 - 
SS1 0.61 
2080 
2100 
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4.2.4.4 Combined scenarios 
To constrain uncertainties in the projections of each scenario, the quadratic summation 
of uncertainties method by Katsman et al. (2008) was employed to combine the impacts 
of the main contributing factors and to estimate the high-end and low-end of the 
individual impacts of sea level rise, land subsidence and storm surge. Due to the lack 
of equality in the uncertainty bands of some factors, the high-end and low-end were 
calculated individually. To calculate the total projected sea level rise combined with 
land subsidence and storm surge in the local area, the median values of the individual 
contributions was accumulated and their uncertainties were summed up quadratically 
instead of adding the extremes of all ranges. For the uncertainty band at the high end 
and low end of the range ∆𝐻ℎ  and ∆𝐻𝑙 , the following methods were used:  
∆𝐻ℎ = √∑ (𝑥ℎ,𝑖 −  𝑥𝑐,𝑖)2𝑖 ;                   ∆𝐻𝑙 = √∑ (𝑥𝑙,𝑖 −  𝑥𝑐,𝑖)2𝑖 ;           (4.1) 
Where, 𝑥ℎ,𝑖 (𝑥𝑙,𝑖) is the high end (low end) of the range of contribution 𝑖 and 𝑥𝑐,𝑖 is the 
central estimate of that contribution. The summation is over all contributions 𝑖. 
Therefore, the total range of each scenario becomes: (𝐻𝑐 − ∆𝐻𝑙, 𝐻𝑐 + ∆𝐻ℎ). 
For example, the high end scenario for the combined impacts of sea level rise (0.80 m), 
land subsidence (0.96 m) and storm surge (0.61 m) in 2050 estimated from equation 4.1 
is 1.94 m., it does not add up from the total of sea level rise, land subsidence and storm 
surge.   
Combining the projections of individual factors, the scenarios designed are shown in 
Table 4.5. The changes are added to the baseline hydrograph and used in flood 
simulations. 
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Table 4.5: Scenario design and projection of relative sea level change (m) based on 
the components of sea level rise, land subsidence and storm surge (Relative to 2011)  
   Scenario 
   SLR LS SS 
SLR 
+LS 
SLR 
+SS 
SLR 
+LS+SS 
2050 Range (m) Low 0.18 0.05 0.61 0.44 0.36 0.67 
  High 0.21 0.28 / 1.56 1.23 1.94 
  Worst case 0.80 0.98 / / / / 
2080 Range (m) Low 0.31 0.08 / 0.78 0.53 1.03 
  High 0.47 0.49 / 2.76 1.80 3.11 
  Worst case 1.42 1.73 / / / / 
2100 Range (m) Low 0.39 0.11 / 0.99 0.63 1.26 
  High 0.69 0.63 / 3.56 2.20 3.90 
  Worst case 1.83 2.23 / / / / 
4.3 Sensitivity Analysis and Model Calibration 
4.3.1 Results and discussion 1: Sensitivity to mesh resolution 
The 2D flood inundation model (FloodMap-Inertial) was used to model coastal 
flooding  in the coastal region of BMR. Key model parameters for the coastal flood 
modelling include the topography, the hydrograph at PC station, and Manning’s n 
values. The 2D model were simulated using the 24-hour baseline event on 30th October 
2011, recorded one of the highest tidal levels at the gauging stations along the Chao 
Phraya River. 
The first set of model simulations aims to analyse the model sensitivity to spatial 
resolution. Different resolutions of DEMs were used in model simulations including 
10, 20, 30, 40 and 50 m. For both study sites, coastal flood modelling started with the 
10 m DEM and Manning’s n value was fixed to 0.06 for all simulations. The inundation 
extents over time (24-hour period) obtained from the 10 m resolution for the eastern 
study site and the western study site are shown in Figure 4.7 and Figure 4.8 respectively. 
Time series of inundation extent for all simulations are contained in Appendix A. 
Predicted inundation areas are presented on top of the topography including flood 
defences (purple lines). 
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Figure 4.7: Inundation extent over time (24-hour period), obtained from the 10 m 
resolution model with a Manning’s n value of 0.06 for the eastern site 
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Figure 4.8: Inundation extent over time (24-hour period) obtained from the 10 m 
resolution model with a Manning’s n value of 0.06 for the western site 
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Figure 4.7: Times series of total inundation extents for the 10, 20, 30, 40 and 50m 
simulation in: a) eastern site; and b) western site 
Results from simulations in both study sites suggest that the model is sensitive to spatial 
resolution, especially at the eastern side (Figure 4.9a). There is a marked increase in 
inundation area over time for the eastern site from the 10 m simulation to the 20 m one. 
However, looking at the spatial extent of flooding later presented in Figure 4.11, the 
greatest difference in inundation area is associated with a long coastline, through which 
water flows inland. The difference may not reflect the model’s structural sensitivity to 
mesh resolution itself, which was found to be less pronounced than perceived here, but 
rather the site-specific sensitivity in this particular application. 
The validation data obtained from the MODIS imagery (Figure 4.10) were compared 
with predictions from the model in Figure 4.11 and Figure 4.12. 
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(a) 
(b) 
Figure 4.8: Observed flood extent derived from MODIS imageries. The imageries were 
acquired on 30th October 2011: (a) the eastern and (b) western study sites. White lines 
are outlines of the coastline. 
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(a) (b) 
Figure 4.9: Predicted flood extents obtained from different model resolution for the eastern site at the time when the validation data were acquired 
(10.5 hours into the hydrograph): (a) 10 m; (b) 20 m; (c) 30 m; (d) 40 m; (e) 50m. Upper maps present the inundation depth overlay on the DEM; 
lower maps present the wetted cells (white areas) 
  
Maximum depth 10 m Maximum depth 20 m 
Wetted cells 10 m Wetted cells 20 m 
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(c) (d) 
Figure 4.11 (continued) 
  
Maximum depth 30 m Maximum depth 40 m 
Wetted cells 30 m Wetted cells 40 m 
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(e) 
Figure 4.11 (continued) 
  
Maximum depth 50 m 
Wetted cells 50 m 
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 (a) (b) 
Figure 4.10: Predicted flood extents obtained from different model resolution for the western site at the time when the validation data acquired (10 
hour and 30 mins into the hydrograph): (a) 10 m; (b) 20 m; (c) 30 m; (d) 40 m; (e) 50m. Upper map presents the inundation depth overlay on the 
DEM; lower map presents the wetted cells (white areas)  
Maximum depth 10 m Maximum depth 20 m 
Wetted cells 10 m Wetted cells 20 m 
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(c) (d) 
Figure 4.12 (continued) 
  
Maximum depth 30 m Maximum depth 40 m 
Wetted cells 30 m Wetted cells 40 m 
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(e) 
Figure 4.12 (continued) 
Maximum depth 50 m 
Wetted cells 50 m 
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The model performance was evaluated using the typical metrics used for flood modelling 
evaluation (Section 3.4). Results are shown in Table 4.6 and Table 4.7. Results suggest that 
a coarser resolution is generally associated with reduced accuracy. However, there are 
exceptions. The high values of overall accuracy for all simulations are associated with the 
large number of dry cells in the simulation domain. More reliable and less-biased statistics 
such as F and Kappa generate lower accuracy values. For the eastern site, in term of F and 
Kappa, Table 4.6 demonstrates that the 10 m simulation is the most representative 
simulation. However, the 20 m simulation generates the best performance (Table 4.7) for 
the western site.  
Table 4.6: Accuracy statistics obtained from model validation in the eastern site when the 
flood extent obtained from satellite imageries is used as observation. 
Eastern Site 10 m 20 m 30 m 40 m 50 m 
Overall accuracy 96.96 95.23 94.68 93.55 93.53 
F 87.92 82.83 80.94 77.99 78.17 
Kappa 91.03 86.46 84.99 82.22 82.22 
Conditional Kappa (wet cells) 95.33 97.09 96.44 97.26 97.87 
 
Table 4.7: Accuracy statistics obtained from model validation in the western site when 
flood extent obtained from satellite imageries is used as observation. 
Western Site 10 m 20 m 30 m 40 m 50 m 
Overall accuracy 85.66 86.53 86.02 85.3 85.45 
F 72.2 75.3 74.98 74.89 75.27 
Kappa 71.56 73.44 72.43 67.54 71.36 
Conditional Kappa (wet cells) 60.53 68.27 70.31 75.3 75.95 
 
Total inundation extent shown in Figure 4.6 is an overall comparison of flooded area, but 
it does not describe the spatial and temporal agreement/disagreement of flooded areas 
between simulations. To further investigate the model sensitivity to mesh resolution, the 
10 m simulation results were used as a reference and accuracy statistics were produced 
over time, comparing the spatial agreement/disagreement between simulations. This allows 
for the temporal difference of model predicted extents to be quantified. The results are 
shown in Figure 4.13. If we focus on the 20 m F statistic, results suggest high F values for 
the eastern site compared to the western site, despite the difference in the total inundation 
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area is more pronounced in the western site, highlighting the bias of using the total 
inundation area to evaluate model sensitivity and performance. 
 
(a)
(b)
(c) 
Figure 4.11: Comparison of time series: (a) F statistic; (b) overall accuracy; and (c) 
conditional Kappa (wet cells only) for the eastern (left) and western (right) sites using the 
10 m simulation as the reference 
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Previous studies of Yu and Lane (2006a) suggests that the high sensitivity of mesh 
resolution in diffusion-based flood inundation modelling is associated with the smoothing 
effect of mesh coarsening. Resampling from a high resolution topography to a lower one 
will inevitably smooth the topography, resulting in more rapid flow propagation. In urban 
areas where complex topography is present, there is a reduction in blockage effects 
associated with urban features such as buildings and roads when the resolution is 
coarsened. Consequently flow routing process is prone to error. 
4.3.2 Results and discussion 2: Sensitivity to roughness 
Results obtained from the simulations with different combinations of: (i) Manning’s n 
values, ranging from 0.01 to 1.0 at 0.01 interval; and (ii) varying resolution (10, 20, 30, 40 
and 50 m) are shown in Figure 4.14 and Figure 4.15 for the western and eastern sites 
respectively. Both figures show that high values of n result in a reduction of inundated area. 
With a coarser mesh resolution, the model is more sensitive to roughness when the total 
inundation area is considered. This agrees with what has been reported in previous studies 
(e.g. Yu and Lanes, 2006a; Ozdemir et al., 2013)  
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Figure 4.12: Comparison of inundation area over time in the eastern study site with varying 
mesh resolutions and roughness values  
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Figure 4.13: Comparison of inundation area over time in the western study site with varying 
mesh resolutions and roughness values 
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Similarly to the evaluation of model sensitivity to mesh resolution (Section 4.3.1), instead 
of using the total inundation area, the temporal agreement between the reference simulation 
(i.e. n = 0.01) and simulations with higher n values was quantified over time with F and 
Kappa (Figure 4.16 and Figure 4.17).  Results suggest that there is a good level of spatial 
agreement between the default n = 0.01 simulation and the rest with higher roughness 
values over time (F > 80%), with a mesh resolution of 10 m and 20 m. When the resolution 
becomes coarser (30 m, 40 m and 50 m), the agreement reduces to just over 70% (F).   
 
Figure 4.14: Comparison of time series F Statistic (Left) and Conditional Kappa (wet cells) 
in the eastern study site with: (a) 10 m; (b) 20 m; (c) 30 m; (d) 40 m; and (e) 50 m mesh 
resolutions and roughness Manning’s n values between 0.02 and 0.10  
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Figure 4.16 (Continued) 
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Figure 4.15: Comparison of time series F Statistic (left column) and conditional Kappa 
(right column) in the western study site with: (a) 10 m; (b) 20 m; (c) 30 m; (d) 40 m; and 
(e) 50 m mesh resolutions and roughness values between 0.02 and 0.10 
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Figure 4.17 (Continued) 
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To evaluate the model sensitivity to roughness using depth predictions over time at discrete 
locations, model predicted water depths were extracted for various locations in the eastern 
site (Figure 4.18). These include the Siam GS Battery factory (In11), the plants of ACG 
Chemicals Thailand (In15), Phibun Prachaban School (Sc008) and Samut Prakarn 
Technical College (Sc047). Results are presented in Figure 4.19. As expected, lower 
roughness values are associated with faster flow and earlier peak flow. For example, for 
point In11, there is 1 hour delay in the peak water depth when roughness is increased from 
0.01 to 0.06, with a reduced peak water depth of ~4 cm. 
 
 
Figure 4.16: Locations of points where depth profiles are extracted, overlain with the depth 
predictions obtained from the simulation with a 20 m mesh and roughness value of: 0.01 
(a); 0.06 (b); and 0.1 (c)  
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Figure 4.17: Comparison of flood water depth at discrete locations (Figure 4.18) during the 
24-hour simulation in the eastern study site with three roughness values.  
4.3.3 Determining the baseline model parameters 
Table 4.8 and Table 4.9 present the F statistics using the observed inundation extent 
derived from satellite imageries for the eastern and western sites respectively. Results show 
that the roughness values interact with mesh resolution. There is not a consistent 
combination of mesh resolution and roughness values that generates the best F statistic. 
Generally, coarser mesh resolution is associated with lower F values for both sites. The 10 
m simulations generated the highest F values for the eastern site for all roughness values. 
But this is not the case for the western site, where except when n is set at 0.01, coarser 
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required in the simulations and the accuracy achieved, 20 m was used in subsequent 
simulations with design scenarios, and the roughness value was set as 0.06, which was 
shown to generate moderate water depth profiles falling in between lower and higher n 
values (Figure 4.19). 
Table 4.8: F statistics calculated using the extent derived from satellite images for the 
eastern site  
F Eastern Site 10 m 20 m 30 m 40 m 50 m 
n = 0.01 85.07 75.30 71.42 66.49 65.44 
n = 0.02 85.90 77.45 74.31 70.07 69.53 
n = 0.03 86.62 79.03 76.39 72.60 72.54 
n = 0.04 87.20 80.45 78.11 74.65 74.72 
n = 0.05 87.57 81.79 79.67 76.49 76.58 
n = 0.06 87.92 82.83 80.94 77.99 78.17 
n = 0.07 88.20 83.69 81.98 79.41 79.63 
n = 0.08 88.49 84.36 82.90 80.63 80.82 
n = 0.09 88.73 84.88 83.71 81.72 81.90 
n = 0.1 88.92 85.38 84.45 82.59 82.84 
 
Table 4.9: F statistics calculated using the extent derived from satellite images for the 
western site 
F Western Site 10 m 20 m 30 m 40 m 50 m 
n = 0.01 73.00 72.05 69.26 66.41 65.31 
n = 0.02 72.95 73.15 71.14 68.97 68.14 
n = 0.03 72.80 74.07 72.71 70.95 70.59 
n = 0.04 72.62 74.77 73.88 72.71 72.55 
n = 0.05 72.42 75.07 74.59 73.99 74.06 
n = 0.06 72.20 75.30 74.98 74.89 75.27 
n = 0.07 71.98 75.44 75.16 75.29 75.88 
n = 0.08 71.72 75.47 75.27 75.60 76.27 
n = 0.09 71.46 75.35 75.30 75.83 76.44 
n = 0.1 71.15 75.21 75.29 75.91 76.40 
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4.4 Evaluating the Impact of Future Scenarios 
The potential impacts of projected sea level rise, land subsidence and storm surge are 
evaluated with the scenarios designed in Section 4.2.4 for the 2050, 2080, and 2100, using 
the 2011 flood event as the baseline event. Table 4.10 summarizes the maximum flooded 
area and the site-averaged maximum flood depth for each scenario in both the eastern and 
western sites. The individual and combined impacts of contributing factors are discussed 
in the following sections. Figure 4.20 shows the comparison of maximum flooded areas 
for (i) the sea level rise scenarios; and (ii) combination of sea level rise and land subsidence 
scenarios in the eastern and western sites. 
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Table 4.10: Maximum flooded area and average maximum depth at the end of the simulation for each scenario 
 
2050   2080   2100   
Maximum 
flood area 
(km2) 
% change 
from 2011 
Average 
maximum 
depth (m) 
Maximum 
flood area 
(km2) 
% change 
from 2011 
Average 
maximum 
depth (m) 
Maximum 
flood area 
(km2) 
% change 
from 2011 
Average 
maximum 
depth (m) 
Eastern study site (Baseline in 2011, maximum flood area = 30.2 km2, average maximum depth = 0.38 m) 
Maximum flooe  SLR-low 45.2 49.6% 0.46 61.8 104.5% 0.49 73.5 143.6% 0.52 
SLR-high 48.6 61.1% 0.46 86.5 186.4% 0.55 119.3 295.0% 0.67 
SLR-worst case  136.9 353.4% 0.73 221.0 631.9% 1.06 255.4 745.6% 1.28 
LS-low 34.2 13.3% 0.40 36.7 21.4% 0.41 39.0 29.0% 0.42 
LS-high 57.2 89.3% 0.49 89.5 196.3% 0.56 110.7 266.7% 0.64 
LS-worst case 164.9 446.2% 0.83 248.3 722.2% 1.23 277.9 820.4% 1.54 
LS-distributed  80.7 167.2% 0.65 120.3 298.4% 0.88 140.5 365.2% 1.00 
SS 107.9 257.3% 0.62 107.9 257.3% 0.62 107.9 257.3% 0.62 
SLR+LS-low 81.5 169.9% 0.54 133.4 341.7% 0.72 166.5 451.3% 0.83 
SLR+LS-high 234.5 676.5% 1.13 306.2 914.0% 1.84 346.2 1046.6% 2.24 
SLR+LS-distributed-low 106.5 252.8% 0.72 162.4 437.8% 0.96 192.7 538.0% 1.10 
SLR+LS-distributed-high 111.2 268.1% 0.73 185.2 513.3% 1.00 228.8 657.6% 1.21 
SLR+SS-low 68.9 128.2% 0.51 95.8 217.2% 0.58 110.7 266.7% 0.64 
SLR+SS-high 199.8 561.7% 0.96 253.3 738.7% 1.27 276.5 815.5% 1.52 
SLR+LS+SS-low 116.5 285.7% 0.66 171.8 468.9% 0.86 203.2 572.9% 0.97 
SLR+LS+SS-high 262.5 769.3% 1.35 323.5 971.4% 2.02 362.0 1098.6% 2.41 
Western study site (Baseline in 2011, maximum flood area = 93.5 km2, average maximum depth = 0.56 m) 
 
 
SLR-low 125.1 33.9% 0.63 148.0 58.4% 0.70 161.0 72.2% 0.74 
SLR-high 130.7 39.9% 0.65 173.1 85.2% 0.79 206.8 121.3% 0.89 
SLR-worst case  222.1 137.7% 0.94 309.4 231.0% 1.19 349.2 273.7% 1.38 
LS-low 101.8 8.9% 0.58 107.5 15.0% 0.59 113.0 21.0% 0.60 
LS-high 143.1 53.1% 0.68 175.7 88.1% 0.80 197.5 111.4% 0.86 
LS-worst case 249.6 167.1% 1.02 340.4 264.2% 1.33 378.3 304.9% 1.57 
SS 194.0 107.6% 0.86 194.0 107.6% 0.86 194.0 107.6% 0.86 
SLR+LS-low 168.6 80.4% 0.77 181.4 94.1% 0.82 251.1 168.7% 1.02 
SLR+LS-high 324.7 247.4% 1.25 414.8 343.9% 1.82 462.0 394.4% 2.19 
SLR+SS-low 156.0 67.0% 0.73 219.2 134.5% 0.94 197.5 111.4% 0.86 
SLR+SS-high 286.6 206.7% 1.11 346.6 270.8% 1.36 376.4 302.8% 1.56 
SLR+LS+SS-low 203.9 118.2% 0.88 257.5 175.5% 1.03 290.7 211.0% 1.12 
SLR+LS+SS-high 358.6 283.7% 1.42 435.6 366.2% 1.99 480.2 413.9% 2.35 
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4.4.1 Impacts of sea level rise 
The total inundation area predicted with the calibrated simulation of the 2011 baseline 
event (20m; n = 0.01) was approximately 30.2 km2 in the eastern site and 93.5 km2 in 
the western site. Table 4.13 shows that, even with an annual projected SLR of 4.51 mm 
(low scenario) and 5.28 mm (high scenario) (Table 4.3), there will be a significant 
increase in the total flooded area if an event of the 2011 magnitude occurs in the 2050. 
With a low SLR scenario of 4.51 mm/y, by 2050, the total flooded area could increase 
by 15 km2 (49.6%) and 31.6 km2 (33.9%) for the eastern and western sites respectively. 
The difference in change rate between the low and high scenarios is not significant for 
the 2050 (10.5%) but becomes much more pronounced into 2080 and 2100 (81.9% and 
151.4% respectively). Overall, the impact of SLR is greater for the eastern site than the 
western site when the total inundation area is considered. 
The worst case SLR scenarios for the 2050, 2080, and 2100 result in significant 
increases of flood areas, from 353.4% to 631.9% and 745.6% respectively. 
4.4.2 Impacts of land subsidence 
Comparing with the impact of SLR, the impact of lower rate scenarios of uniform land 
subsidence is relatively small in both sites. For example, in the western study site, the 
maximum inundation extent was projected to increase by 8.9%, 15%, and 21% for 
2050, 2080 and 2100 respectively. Compared to SLR scenarios, the difference between 
the low and high land subsidence rates is larger (1.2 mm/y and 7.1 mm/y respectively). 
This is reflected in the simulation results. For the eastern site, with a low land 
subsidence rate of 1.2 mm/y, the percentage increases of flooded area for the 2050, 
2080 and 2100 are 13.3%, 36.7% and 39.0% from the 2011 baseline event respectively. 
With the high-rate land subsidence scenario, the increases are much more pronounced, 
from 89.3% for the 2050, to 89.5% and 110.7% for the 2080 and 2100 respectively. A 
similar picture can be seen in the western site but with a smaller magnitude of increases 
for all three periods. 
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Similar to the worst case SLR scenarios, worst case scenarios of a 25 mm/y uniform 
land subsidence rate result in multi-fold increases of flood areas for the 2050, 2080, and 
2100 in both sites. 
In addition to uniform land subsidence rates for both sites, distributed land subsidence 
rate was applied to the eastern site (Section 4.2.4.2). Figure 4.21 shows the maximum 
inundation depth based on the projection of distributed land subsidence for 2050, 2080, 
and 2100 respectively. The absolute changes of flood depth between the projection of 
2050 and 2080 and the projection of 2080 and 2100 are examined and presented in 
Figure 4.22. Results indicate that the absolute changes of depth increase significantly 
between the 2050 and 2080, but lessen between the 2080 and 2100.   
Results suggest that the maximum inundation area with distributed land subsidence is 
greater than that of the corresponding high-rate scenarios but lower than the worst case 
scenarios (25 mm/y). The predicted inundation extent increases by 167.2%, 298.4% 
and 365.2% for 2050, 2080 and 2100 respectively. 
4.4.3 Impacts of storm surge 
Due to the single storm surge projection value of 0.61 m, the impact of storm surge on 
for 2050, 2080 and 2100 increase is the same. For the eastern study site, the maximum 
inundation area increases by 257.3% compared to the 2011 baseline and the average 
maximum depth is 0.62 m. For the western study site, the total inundation area increases 
by 107.6% compared to 2011, with an average flood depth of 0.86 m. 
4.4.4 Combined impacts 
Results with the combined sea level rise, land subsidence, and storm surge scenarios 
indicate significantly increased maximum inundation area and average maximum flood 
depth in most cases and for both sites (Table 4.10). 
With a conservative low SLR rate (4.51 mm/y) and low land subsidence (2.1 mm/y) 
rate, the maximum extent for the western site is predicted to increase by 169.9% for the 
2050, increasing to 341.7% and 451.3% for the 2080 and 2100. The flood hazard maps 
associated with each scenario is presented in Appendix B.   
Chapter 4 Coastal Flood Modelling and Risk Analysis 
 
 
118 
 
 
Figure 4.18: Comparison of maximum flooded area for the sea level rise scenarios and 
the combination of sea level rise and land subsidence scenarios in the eastern (a) and 
western (b) sites.  
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(a) 
(b) 
Figure 4.21: Maximum inundation extent and depth based on the projection of 
distributed land subsidence by 2050 (a), 2080 (b) and 2100 (c) 
2050  
2080  
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(c) 
Figure 4.21 (Continued) 
  
2100  
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(a) 
(b) 
Figure 4.22: Comparison of absolute changes for the projection of distributed land 
subsidence from 2050 to 2080 (a) and from 2080 to 2100 (b). Contour lines are the 
observed rate of land subsidence during 2005-2010  
  
2050-2080  
2080-2100 
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4.5 Impact on Building and Infrastructure, Land Use and Roads 
Further analysis was undertaken to examine the impacts of coastal flood inundation on 
buildings, land use and the transportation network. These data were obtained from the 
Department of Public Works and Town and Country Planning, Ministry of the Interior 
(2014), the Department of City Planning, Bangkok Metropolitan Administration (2014) 
and the Ministry of Transport (2010). The processing and classification of these datasets 
are presented in the data overview (Section 3.5.2). 
Flood hazard maps associated with the low-rate sea level rise and land subsidence 
scenarios for 2050 in the eastern and the western study sites are presented in Figures 
4.23 and 4.24 respectively, overlain with the critical infrastructure nodes (hospitals, 
substations, fire stations, schools, temples, and telecommunication installations, etc). 
Temples and schools were included as infrastructure nodes in this study because in 
Thailand temples and schools could be changed to temporary evacution center during 
flood events. 
In this scenario, the total sea level rise from the baseline year 2011 is 0.44 m. Depths 
were classified according to the climate change impact study in Bangkok undertaken 
by the World Bank (2009): ankle height depth (0.0 to  0.1 m);  knee height depth (0.1 
to 0.5m); waist height depth (0.5 to 1.0 m); depth level that people live in one-story 
house have to evacuate (1.0 to 2.0 m) and depth level that all people have to evacuate 
(depth higher than 2.0 m). The purple lines in the eastern study site are flood defence 
structures. Flood hazard maps for all scenarios in the eastern and western sites are 
shown in Appendix B. 
For each scenario, Table 4.11 summarizes the total numbers of three types of buildings 
(residential, commercial and critical infrastructure nodes) affected. Table 4.12 
summarizes the areas of agricultural and natural (forestry and wetland) lands flooded. 
Table 4.13 presents the total length of road network affected. A threshold water depth 
of 0.1 m was used in the analysis. 
For the combined 2050 low SLR and land subsidence scenario (2050-SLR+LS-low), 
the total number of buildings affected in the eastern site is 19,200, including 16,097 
residential houses and buildings, 2,641 commercial buildings and 462 critical 
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infrastructure nodes. The number of buildings affected in the western site is comparably 
less due to its rural nature. However, for both sites, even for a low-rate SLR and LS 
scenario, the increase in the number of buildings affected from the 2011 baseline event 
is projected to be multi-fold (426% and 106% respectively). For the detailed statistics 
of the building and infrastructure, land use, and road network affected, refer to 
Appendix C.  
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Figure 4.23: Flood hazard map based on the low sea level rise and uniform land subsidence projection (2050) in the eastern study site 
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Figure 4.24: Flood hazard map based on the low sea level rise and uniform land subsidence projection (2050) in the western study site 
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Table 4.11: Summary of buildings affected for different scenarios 
Unit: building 
Scenario 
 
Eastern study site % of total 
affected 
building 
Western study site % of total 
affected 
building 
  
Residence 
Productivity 
and commerce 
Critical 
infrastructure 
Total Residence 
Productivity 
and commerce 
Critical 
infrastructure 
Total 
2011 - Baseline 2,829 274 116 3,219 1.5% 3,208 80 113 3,401 2.1% 
2050-Scenario           
SLR-low 6,643 807 234 7,684 3.6% 4,644 129 198 4,971 3.1% 
SLR-high 7,251 934 255 8,440 3.9% 4,886 142 237 5,265 3.3% 
SLR-worst case 28,343 4,852 647 33,842 15.8% 11,423 583 613 12,619 8.0% 
LS-low 3,724 385 144 4,253 2.0% 3,599 125 96 3,820 2.4% 
LS-high 9,790 1,388 313 11,491 5.4% 5,494 246 191 5,931 3.8% 
LS-worst case 33,033 5,821 761 39,615 18.5% 15,829 943 812 17,584 11.1% 
LS-distributed 17,654 3,091 444 21,189 9.9% - - - - - 
SS 22,180 3,778 561 26,519 12.4% 8,793 364 489 9,646 6.1% 
SLR+LS-low 16,097 2,641 462 19,200 9.0% 6,851 262 359 7,472 4.7% 
SLR+LS-high 60,957 11,131 1,162 73,250 34.3% 40,185 4,759 1,972 46,916 29.7% 
SLR+LS-distributed-low 22,282 4,004 490 26,776 12.5% - - - - - 
SLR+LS-distributed-high 23,090 4,150 501 27,741 13.0% - - - - - 
SLR+SS-low 13,088 1,909 402 15,399 7.2% 6,193 212 318 6,723 4.3% 
SLR+SS-high 47,295 8,825 914 57,034 26.7% 26,161 2,434 1,420 30,015 19.0% 
SLR+LS+SS-low 23,926 4,150 582 28,658 13.4% 9,601 423 543 10,567 6.7% 
SLR+LS+SS-high 73,428 13,096 1,266 87,790 41.1% 48,404 6,493 2,326 57,223 36.2% 
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Table 4.11: Summary of buildings affected for different scenarios (Continued) 
Unit: building 
Scenario 
 
Eastern study site % of total 
affected 
building 
Western study site % of total 
affected 
building 
  
Residence 
Productivity 
and commerce 
Critical 
infrastructure 
Total Residence 
Productivity 
and commerce 
Critical 
infrastructure 
Total 
2011 - Baseline 2,829 274 116 3,219 1.5% 3,208 80 113 3,401 2.1% 
2080-Scenario           
SLR-low 10,914 1,580 339 12,833 6.0% 5,766 184 288 6,238 3.9% 
SLR-high 17,268 2,835 490 20,593 9.6% 7,103 272 368 7,743 4.9% 
SLR-worst case 57,020 10,525 1,098 68,643 32.1% 35,157 4,009 1,811 40,977 25.9% 
LS-low 4,323 462 164 4,949 2.3% 3,849 102 131 4,082 2.6% 
LS-high 18,089 2,990 498 21,577 10.1% 7,307 288 377 7,972 5.0% 
LS-worst case 65,971 11,826 1,210 79,007 37.0% 44,049 5,478 2,099 51,626 32.6% 
LS-distributed 26,240 4,723 492 31,455 14.7% - - - - - 
SS 22,180 3,778 561 26,519 12.4% 8,793 364 489 9,646 6.1% 
SLR+LS-low 27,720 4,756 628 33,104 15.5% 11,050 546 601 12,197 7.7% 
SLR+LS-high 103,771 19,147 1,664 124,582 58.3% 69,160 10,371 2,871 82,402 52.1% 
SLR+LS-distributed-low 43,087 7,141 772 51,000 23.9% - - - - - 
SLR+LS-distributed-high 49,154 7,967 856 57,977 27.1% - - - - - 
SLR+SS-low 19,466 3,279 525 23,270 10.9% 7,779 315 406 8,500 5.4% 
SLR+SS-high 68,497 12,232 1,237 81,966 38.3% 45,332 5,736 2,180 53,248 33.7% 
SLR+LS+SS-low 34,397 6,136 797 41,330 19.3% 17,779 1,142 883 19,804 12.5% 
SLR+LS+SS-high 112,152 21,343 1,898 135,393 63.3% 76,718 12,851 3,074 92,643 58.6% 
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Table 4.11: Summary of buildings affected for different scenarios (Continued) 
Unit: building 
Scenario 
 
Eastern study site % of total 
affected 
building 
Western study site % of total 
affected 
building 
  
Residence 
Productivity 
and commerce 
Critical 
infrastructure 
Total Residence 
Productivity 
and commerce 
Critical 
infrastructure 
Total 
2011 - Baseline 2,829 274 116 3,219 1.5% 3,208 80 113 3,401 2.1% 
2100-Scenario           
SLR-low 14,300 2,216 426 16,942 7.9% 6,444 229 334 7,007 4.4% 
SLR-high 24,540 4,302 589 29,431 13.8% 9,880 457 548 10,885 6.9% 
SLR-worst case 69,448 12,416 1,245 83,109 38.9% 45,934 5,896 2,214 54,044 34.2% 
LS-low 5,040 541 190 5,771 2.7% 4,106 114 147 4,367 2.8% 
LS-high 22,704 3,898 572 27,174 12.7% 9,053 385 512 9,950 6.3% 
LS-worst case 82,856 14,926 1,412 99,194 46.4% 55,296 7,751 2,525 65,572 41.5% 
LS-distributed 38,909 6,654 671 46,234 21.6% - - - - - 
SS 22,180 3,778 561 26,519 12.4% 8,793 364 489 9,646 6.1% 
SLR+LS-low 33,270 5,909 770 39,949 18.7% 16,187 987 824 17,998 11.4% 
SLR+LS-high 123,560 23,612 2,036 149,208 69.8% 87,412 14,561 3,358 105,331 66.6% 
SLR+LS-distributed-low 54,263 8,698 916 63,877 29.9% - - - - - 
SLR+LS-distributed-high 65,050 10,277 1,102 76,429 35.8% - - - - - 
SLR+SS-low 22,704 3,898 572 27,174 12.7% 9,053 385 512 9,950 6.3% 
SLR+SS-high 81,403 14,720 1,397 97,520 45.6% 54,597 7,661 2,512 64,770 41.0% 
SLR+LS+SS-low 49,199 9,204 940 59,343 27.8% 27,681 2,698 1,504 31,883 20.2% 
SLR+LS+SS-high 130,599 25,302 2,124 158,025 73.9% 96,370 15,975 3,557 115,902 73.3% 
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Table 4.12: Summary of land use affected for different scenarios  
Unit: km2 
Scenario 
  
Eastern study site % of  
total 
affected 
land use 
Western study site % of  
total 
affected 
land use 
  
Agriculture 
Natural 
Resource
s  
Total  Agriculture 
Natural 
Resource
s  
Total  
2011 - Baseline 12.8 3.5 16.3 7.1% 61.8 2.1 64.0 20.0% 
         2050 Scenario               
SLR-low 19.0 4.2 23.2 10.0% 86.5 2.4 89.0 27.8% 
SLR-high 20.2 4.3 24.5 10.6% 90.8 2.5 93.3 29.1% 
SLR-worst case  60.1 5.8 65.9 28.5% 158.1 4.3 162.5 50.7% 
LS-low 14.6 3.8 18.4 8.0% 68.3 2.2 70.5 22.0% 
LS-high 23.4 4.5 27.9 12.1% 100.6 2.6 103.2 32.2% 
LS-worst case 75.4 6.8 82.2 35.6% 175.4 4.8 180.2 56.2% 
LS-distributed  32.8 5.0 37.8 16.4% - - - - 
SS 46.2 5.3 51.5 22.3% 138.5 3.2 141.7 44.2% 
SLR+LS-low 33.6 4.8 38.4 16.6% 120.2 2.9 123.1 38.4% 
SLR+LS-high 108.0 8.1 116.1 50.3% 213.0 7.8 220.8 68.9% 
SLR+LS-
distributed-low 
45.5 5.3 50.9 22.0% - - - - 
SLR+LS-
distributed-high 
48.0 5.4 53.4 23.1% - - - - 
SLR+SS-low 28.2 4.6 32.8 14.2% 110.6 2.7 113.3 35.4% 
SLR+SS-high 92.0 7.4 99.4 43.1% 196.3 6.0 202.3 63.1% 
SLR+LS+SS-low 50.3 5.4 55.8 24.2% 145.4 3.7 149.1 46.5% 
SLR+LS+SS-high 120.3 8.8 129.1 55.9% 225.4 10.4 235.8 73.6% 
2080 Scenario                
SLR-low 25.2 4.5 29.7 12.9% 86.5 2.4 89.0 33.5% 
SLR-high 35.6 4.9 40.5 17.5% 90.8 2.5 93.3 39.4% 
SLR-worst case  101.4 7.8 109.2 47.3% 158.1 4.3 162.5 67.0% 
LS-low 15.8 3.9 19.7 8.5% 68.3 2.2 70.5 23.3% 
LS-high 37.1 4.9 42.1 18.2% 100.6 2.6 103.2 40.0% 
LS-worst case 114.6 8.4 123.1 53.3% 175.4 4.8 180.2 71.0% 
LS-distributed  51.7 6.2 58.0 25.1% - - - - 
SS 46.2 5.3 51.5 22.3% 138.5 3.2 141.7 44.2% 
SLR+LS-low 58.5 5.7 64.2 27.8% 120.2 2.9 123.1 38.4% 
SLR+LS-high 129.1 10.7 139.8 60.5% 213.0 7.8 220.8 81.0% 
SLR+LS-
distributed-low 
71.0 7.3 78.3 33.9% - - - - 
SLR+LS-
distributed-high 
82.2 7.6 89.9 38.9% - - - - 
SLR+SS-low 40.3 5.1 45.5 19.7% 110.6 2.7 113.3 41.2% 
SLR+SS-high 116.7 8.5 125.3 54.3% 196.3 6.0 202.3 71.9% 
SLR+LS+SS-low 79.3 6.9 86.2 37.3% 145.4 3.7 149.1 57.7% 
SLR+LS+SS-high 131.9 11.8 143.7 62.2% 225.4 10.4 235.8 83.3% 
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Table 4.12: Summary of land use affected for different scenarios (Continued) 
Unit: km2 
Scenario 
  
Eastern study site % of  
total 
affected 
land use 
Western study site % of  
total 
affected 
land use 
  
Agriculture 
Natural 
Resource
s  
Total  Agriculture 
Natural 
Resources  
Total  
2011 - Baseline 12.8 3.5 16.3 7.1% 61.8 2.1 64.0 20.0% 
2100 Scenario                
SLR-low 30.2 4.7 34.9 15.1% 114.3 2.8 117.1 36.5% 
SLR-high 51.6 5.5 57.1 24.7% 147.6 3.8 151.4 47.2% 
SLR-worst case  117.5 8.6 126.1 54.6% 222.0 9.6 231.5 72.3% 
LS-low 16.8 4.0 20.8 9.0% 76.8 2.3 79.1 24.7% 
LS-high 47.6 5.4 52.9 22.9% 140.8 3.4 144.2 45.0% 
LS-worst case 124.7 9.1 133.8 57.9% 232.0 12.3 244.3 76.2% 
LS-distributed  59.3 7.0 66.3 28.7% - - - - 
SS 46.2 5.3 51.5 22.3% 138.5 3.2 141.7 44.2% 
SLR+LS-low 76.3 6.8 83.1 36.0% 176.3 4.8 181.2 56.5% 
SLR+LS-high 136.1 12.6 148.8 64.4% 257.1 18.8 275.9 86.1% 
SLR+LS-
distributed-low 
85.8 7.7 93.6 40.5% - - - - 
SLR+LS-
distributed-high 
102.7 8.0 110.7 48.0% - - - - 
SLR+SS-low 47.6 5.4 52.9 22.9% 140.8 3.4 144.2 45.0% 
SLR+SS-high 124.4 9.1 133.4 57.8% 231.4 12.1 243.5 76.0% 
SLR+LS+SS-low 93.6 7.5 101.1 43.8% 198.5 6.1 204.6 63.9% 
SLR+LS+SS-high 139.7 13.2 152.8 66.2% 261.8 19.5 281.4 87.8% 
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Table 4.13: Summary of roads affected for different scenarios  
Unit: km 
Scenario 
Eastern study site Western study site 
Road length 
% of Total 
affected road 
Road length 
% of Total 
affected road 
2011 - Baseline 33.1 0.9% 464.3 16.7% 
2050 Scenario     
SLR-low 87.5 2.3% 501.7 18.0% 
SLR-high 101.0 2.6% 510.2 18.3% 
SLR-worst case 394.6 10.2% 698.3 25.1% 
LS-low 45.4 1.2% 472.6 17.0% 
LS-high 134.6 3.5% 532.6 19.2% 
LS-worst case 488.5 12.7% 785.2 28.2% 
LS-distributed 247.6 6.4% - - 
SS 310.5 8.1% 635.1 22.8% 
SLR+LS-low 227.3 5.9% 587.1 21.1% 
SLR+LS-high 811.5 21.1% 1,158.7 41.7% 
SLR+LS-distributed-low 321.3 8.3% - - 
SLR+LS-distributed-high 332.7 8.6% - - 
SLR+SS-low 178.7 4.6% 559.0 20.1% 
SLR+SS-high 660.1 17.1% 929.8 33.4% 
SLR+LS+SS-low 337.5 8.8% 652.0 23.4% 
SLR+LS+SS-high 959.3 24.9% 1,358.5 48.9% 
2080 Scenario     
SLR-low 150.2 3.9% 542.0 19.5% 
SLR-high 243.7 6.3% 597.5 21.5% 
SLR-worst case 759.5 19.7% 1,053.4 37.9% 
LS-low 52.9 1.4% 478.5 17.2% 
LS-high 254.9 6.6% 603.6 21.7% 
LS-worst case 873.7 22.7% 1,253.1 45.1% 
LS-distributed 380.2 9.9% - - 
SS 310.5 8.1% 635.1 22.8% 
SLR+LS-low 385.9 10.0% 587.1 21.1% 
SLR+LS-high 1,290.2 33.5% 1,735.2 62.4% 
SLR+LS-distributed-low 540.9 14.0% - - 
SLR+LS-distributed-high 617.7 16.0% - - 
SLR+SS-low 274.9 7.1% 614.9 22.1% 
SLR+SS-high 903.0 23.5% 1,286.2 46.2% 
SLR+LS+SS-low 515.5 13.4% 812.0 29.2% 
SLR+LS+SS-high 1,406.7 36.5% 1,869.0 67.2% 
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Table 4.13: Summary of roads affected for different scenarios (Continued) 
Unit: km 
Scenario 
Eastern study site Western study site 
Road length 
% of Total 
affected road 
Road length 
% of Total 
affected road 
2011 - Baseline 33.1 0.9% 464.3 16.7% 
2100 Scenario     
SLR-low 198.1 5.1% 569.3 20.5% 
SLR-high 345.8 9.0% 658.9 23.7% 
SLR-worst case 914.8 23.8% 1,299.8 46.7% 
LS-low 62.3 1.6% 484.7 17.4% 
LS-high 319.9 8.3% 641.3 23.1% 
LS-worst case 1,070.6 27.8% 1,494.4 53.7% 
LS-distributed 490.0 12.7% - - 
SS 310.5 8.1% 635.1 22.8% 
SLR+LS-low 493.9 12.8% 790.5 28.4% 
SLR+LS-high 1,558.6 40.5% 2,047.6 73.6% 
SLR+LS-distributed-low 666.6 17.3% - - 
SLR+LS-distributed-high 839.4 21.8% - - 
SLR+SS-low 319.9 8.3% 641.3 23.1% 
SLR+SS-high 1,056.5 27.4% 1,480.0 53.2% 
SLR+LS+SS-low 680.9 17.7% 949.0 34.1% 
SLR+LS+SS-high 1,663.4 43.2% 2,176.4 78.3% 
4.6 The implications of the simulation results on socio-economic 
development and future flood risk management 
Impacts of flooding on the socio-economic development such as increased population 
and urbanization were not investigated in this study, however, a number of issues were 
identified from demographic trend in the BMR.  Table 4.4 present the total population 
in the BMR during 2006-2015 based on the number of population form registration by 
different provinces (National Statistics Office 2015) and the projection of population 
for 2020-2100. The prediction of population for each province was based on the country 
growth rate derived from the median prediction interval of the World Population 
Prospects: 2015 Revision (United Nations, 2015). Although the growth rate is expected 
to decline steadily after 2030, more than 10 million people are at risks of being flooded. 
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Table 4.14: Total population in the Bangkok Metropolitan Region and population 
projections for 2020-2100 (thousands) based on the median prediction interval of the 
World Population Prospects: 2015 Revision (National Statistics Office, 2015; United 
Nations, 2015) 
Year 
Growth 
Rate 
Total population (thousands) 
Bangkok 
Samut 
Prakarn 
Nontha 
buri 
Pathum 
thani 
Nakhon 
Pathom 
Samut 
Sakhon 
Total 
2006  5,696.0 1,107.6 999.1 861.3 821.9 462.5 9,948.4 
2007  5,716.2 1,126.9 1,024.2 896.8 831.0 469.9 10,065.1 
2008  5,710.9 1,147.2 1,052.6 929.3 843.6 478.1 10,161.7 
2009  5,702.6 1,164.1 1,078.1 956.4 851.4 484.6 10,237.2 
2010  5,701.4 1,185.2 1,101.7 985.6 860.2 491.9 10,326.1 
2011  5,674.8 1,203.2 1,122.6 1,010.9 866.1 499.1 10,376.8 
2012  5,673.6 1,223.3 1,141.7 1,033.8 874.6 508.8 10,455.8 
2013  5,686.3 1,241.6 1,156.3 1,053.2 882.2 519.5 10,538.9 
2014  5,692.3 1,261.5 1,173.9 1,074.1 891.1 531.9 10,624.7 
2015  5,696.4 1,279.3 1,193.7 1,094.2 899.3 545.5 10,708.5 
2020 0.92 5,748.5 1,291.0 1,204.6 1,104.3 907.6 550.4 10,806.5 
2025 0.08 5,701.0 1,280.3 1,194.7 1,095.1 900.1 545.9 10,717.1 
2030 -0.56 5,664.3 1,272.1 1,187.0 1,088.1 894.3 542.4 10,648.2 
2035 -1.18 5,628.9 1,264.2 1,179.6 1,081.3 888.7 539.0 10,581.6 
2040 -1.86 5,590.7 1,255.6 1,171.5 1,073.9 882.6 535.3 10,509.7 
2045 -2.54 5,551.6 1,246.8 1,163.4 1,066.4 876.5 531.6 10,436.3 
2050 -3.19 5,514.9 1,238.5 1,155.7 1,059.4 870.7 528.1 10,367.3 
2055 -3.71 5,484.9 1,231.8 1,149.4 1,053.6 866.0 525.2 10,310.9 
2060 -4.05 5,465.7 1,227.5 1,145.4 1,049.9 862.9 523.4 10,274.8 
2065 -4.20 5,457.4 1,225.6 1,143.6 1,048.3 861.6 522.6 10,259.2 
2070 -4.20 5,457.2 1,225.6 1,143.6 1,048.3 861.6 522.5 10,258.8 
2075 -4.17 5,458.8 1,226.0 1,143.9 1,048.6 861.8 522.7 10,261.9 
2080 -4.09 5,463.6 1,227.0 1,144.9 1,049.5 862.6 523.2 10,270.8 
2085 -4.02 5,467.6 1,227.9 1,145.8 1,050.3 863.2 523.5 10,278.4 
2090 -3.93 5,472.4 1,229.0 1,146.8 1,051.2 864.0 524.0 10,287.3 
2095 -3.82 5,479.0 1,230.5 1,148.2 1,052.5 865.0 524.6 10,299.9 
2100 -3.63 5,489.9 1,232.9 1,150.4 1,054.6 866.7 525.7 10,320.2 
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Figure 4.25 shows the population density in 2011 in the BMR by province. Figure 4.26 
reveals the trend of population density of provinces in the BMR based on the data from 
National Statistics Office (2015). The graph shows that the population density in 
Bangkok reduced slightly from 2007 to 2012 (Figure 4.26a). The reduction in density 
may be due to the economic disruption (Trading economic, 2016) resulting from the 
political instability (AP News, 2014), and Thailand flood event in 2011. On the other 
hand, there has been a steady increase in the population density in its neighbouring 
provinces (Figure 4.26b – Figure 4.26f) due to the housing development resulting from 
the improvement of infrastructure especially the investment in mass transit systems for 
the BMR. The data suggest that urban population growth in the Bangkok Metropolitan 
Region may increase the number of people exposed to coastal flood risks. Figure 4.25b 
shows that there has been a rise in the number of people living in Samut Prakarn, areas 
of coastal modelling sites, from 1,103 people/km2 in 2006 to 1,274 people/km2 in 2015. 
Vulnerabilities of flood risk identified here could lead to the need of robust approaches 
to flood risk management for dealing with future flood risk.  
 
 
Figure 4.25:  Population density in 2011 in the Bangkok Metropolitan Region by 
province (Source: National Statistics Office, 2015) 
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Figure 4.26:  Population density in the Bangkok Metropolitan Region during 2006-
2015 (Source: National Statistics Office, 2015)   
3,200
3,250
3,300
3,350
3,400
3,450
3,500
3,550
3,600
3,650
3,700
P
o
p
u
la
ti
o
n
 D
en
si
ty
 (
p
eo
p
le
/k
m
2
) Bangkok
1,000
1,050
1,100
1,150
1,200
1,250
1,300
1,350
1,400
1,450
1,500
P
o
p
u
la
ti
o
n
 D
en
si
ty
 (
p
eo
p
le
/k
m
2
) Samut Prakarn
200
250
300
350
400
450
500
550
600
650
700
P
o
p
u
la
ti
o
n
 D
en
si
ty
 (
p
eo
p
le
/k
m
2 ) Samut Sakhon
200
250
300
350
400
450
500
550
600
650
700
P
o
p
u
la
ti
o
n
 D
en
si
ty
 (
p
eo
p
le
/k
m
2 ) Nakhon Pathom
1,500
1,550
1,600
1,650
1,700
1,750
1,800
1,850
1,900
1,950
2,000
P
o
p
u
la
ti
o
n
 D
en
si
ty
 (
p
eo
p
le
/k
m
2 ) Nonthaburi
300
350
400
450
500
550
600
650
700
750
800
P
o
p
u
la
ti
o
n
 D
en
si
ty
 (
p
eo
p
le
/k
m
2 ) Pathumthani
Chapter 4 Coastal Flood Modelling and Risk Analysis 
 
 
136 
4.7  Conclusions 
The main purpose of the current study is to determine the present and future coastal 
flood risks in the Bangkok Metropolitan Region (BMR) to understand better the 
potential impacts of flooding associated with climatic and anthropogenic factors. The 
research was undertaken in two study sites on the eastern and the western sides of the 
Chao Phraya River. Floodplain topographies were projected into 2050, 2080 and 2100 
using uniform and distributed land subsidence rates derived from various sources. Tidal 
hydrographs were designed, considering sea level rise and storm surge projections into 
2050, 2080 and 2100. The baseline event used in scenario design is the 2011 flood event 
which occurred on 30th October 2011. The quadratic summation of uncertainties 
method was used to combine the impacts of the key contributing factors and to estimate 
the high-end and low-end of the individual components. The individual and combined 
impacts of sea level rise, land subsidence and storm surge were evaluated using a two-
dimensional flood inundation model (FloodMap-Inertial). Sensitivity analysis was 
conducted to investigate the effects of mesh resolution and roughness specification on 
model predictions. Maximum inundation area for the baseline event was compared with 
a point-in-time validation dataset derived from MODIS imageries. Accuracy statistics 
(Overall accuracy, F statistics, Kappa and Conditional Kappa) were calculated to 
evaluate model performance. Results of sensitivity analysis indicate that the model is 
sensitive to both resolution and roughness, especially when evaluated using distributed 
evaluation metric F statistic. There is no single combination of roughness and mesh 
resolution values that generates the best model performance. The parameter set with a 
moderate computational requirement and high-end accuracy statistics for both sites was 
used in the simulations of future scenarios. 
Maximum inundation areas and depths obtained from the subsequent simulations of 
future scenarios were analysed. The impact of individual contributing factors varies, 
with SLR scenarios generating the most increases in future flood footprint. When the 
combined SLR, land subsidence and storm surge projections are used, flood magnitude 
increases multi-fold for both sites. The impacts of coastal flood risks on buildings 
(residential house and building, productivity and commerce, and critical infrastructure), 
land use (agricultural area and natural resources) and the transportation network were 
mapped. Flood hazard maps were generated, overlaying maximum flood depths with 
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critical infrastructure nodes for each scenario (electricity substation, gas station, fire 
station, telecommunication, landfill and wastewater treatment, government property, 
hospital, daycare and nursing home, temple, school and transportation station). Results 
show that there are progressively increased risks to key coastal infrastructures into the 
2050, 2080 and 2100.  
Bangkok is not unique in terms of its contributing factors to coastal flood risks. Many 
coastal mega-cities around the world are facing similar problems (Syvitski et al., 2009; 
Nicholls and Cazenave, 2010). Notably, land subsidence is common in many coastal 
cities in Southeast Asia (Nicholls et al., 2007; Hanson et al., 2011; Jha et al., 2012). 
This, when combined with the progressive sea level rise projected in many studies, is 
expected to exacerbate the potential impacts of future flooding. This study improved 
understanding of the potential flood impacts in the coastal environment of Bangkok, 
which is particularly vulnerable to coastal flood risks due to its fast-changing climatic 
and anthropogenic conditions. Vulnerabilities identified can be used to inform decision 
makers for dealing with potential flood risks.  
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CHAPTER 5 
 
Surface Water Flood Modelling and Risk Analysis 
5.1 Introduction 
Short-duration surface water flooding in the Bangkok Metropolitan Region (BMR) 
occurs on an annual basis during rainy seasons. The risks could be further intensified 
in a changing climate with more intense rainfall episodes, especially for low-lying areas 
with a high rate of land subsidence (Aobpaet et al., 2013). However, it is unclear how 
changes in land subsidence may affect surface water flood dynamics, and its 
implications for infrastructure in the city. This chapter presents the surface water flood 
modelling work undertaken in the inner-city of Bangkok, aiming to evaluate the present 
and future surface water flood risks related to rainfall episodes of various magnitudes 
and distributed land subsidence.  
This chapter is divided into four sections. Section 5.2 describes the methodology of 
surface water flood modelling including; the study site, scenario projection, and data 
requirement and processing for the modelling. Results from the sensitivity analysis, 
model validation and model application, are presented and discussed in Section 5.3 
followed by conclusions in Section 5.4. 
5.2 Methodology 
5.2.1 Surface water flood modelling overview 
Apart from coastal flooding, the Bangkok Metropolitan Region (BMR) is also 
vulnerable to surface water flooding, due to its low-lying topography, intense rainfall 
episodes during the monsoon season and low design standard of drainage capacity. On 
8th June 2015, 175 mm of accumulated 24-hour precipitation was recorded in the city 
centre of the Bangkok Metropolitan Region (Davies, 2015). Surface water flooding was 
reported in several areas, resulting from 5-hour intense rain totalling 108.5 mm, with 
water in some places reaching 0.5 m depth. A large number of images were posted on 
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social media such as Facebook, Twitter, and Instagram, which revealed the impacts of 
the event. This event resulted in traffic disruptions in the main roads such as Rama IV 
Road, Sukhumvit Road, and Asoke Montri Road. Some schools and universities located 
on these roads were closed due to the flooding (Davies, 2015; Bangkok Post, 2015).  
This chapter focuses on the assessment of the combined impacts of rainfall intensity 
and land subsidence on surface water flood risks in Sukhumvit sub-polder, one of the 
Central Business Districts in Bangkok (Figure 5.1). Impacts of land subsidence were 
investigated for the surface flooding as Bangkok is located on a low-lying topography, 
where land level changes can affect the efficiency of the drainage systems in the region 
and flow dynamics on the floodplain. The boundaries of the site are mostly canals and 
roads, except to the southwest where DEM data are unavailable across the boundary. 
The topography at the southwest ensures the exchange of water is minor, hence the site 
can be treated as a closed system for surface water flow routing. 
The study site has an area of 22.68 km2 and consists of two administrative districts of 
Bangkok, including the Watthana and Klong Toei districts (Figure 5.2). The Sukhumvit 
sub-catchment is one of the Central Business Districts in Bangkok. There are four major 
roads of Bangkok (Rama IV Road, Sukhumvit Road, and Asoke Montri Road), five 
stations of the Bangkok Mass Transit System-BTS Skytrain (Nana, Asoke, Phrom 
Phong, Ekkamai and Phra Khanong) and the subway’s Sukhumvit station is located in 
this area.  
Pumping stations and floodgates were built to increase the drainage capacity of the sub-
polder system by pumping excess rainwater from the polder to drainage canals or the 
river. The polder system is one of the structural measures constructed to prevent 
flooding in the city. The Flood Protection Plan for Bangkok showed that there are 20 
sub-polder systems with the total area of 340.8 km2 (Department of Drainage and 
Sewerage, 2014).  The design standard of the drainage system is estimated to be 60 mm 
per hour, equivalent to a 1 in 2 years event (Department of Drainage and Sewerage, 
2014). 
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Figure 5.1: Surface water flood modelling site: Sukhumvit sub-polder area. 
 
 
Figure 5.2: Satellite image of the study site showing its urban nature 
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Surface water flood modelling was undertaken first with the 8th June 2015 event, where 
rainfall input and flood observation data are available, allowing the model to be 
calibrated and validated through sensitivity analysis (Section 5.2.2). The set of 
parameters obtained in the simulation were then used in the simulations of future 
scenarios (Section 5.2.3). 
5.2.2 Baseline event and parameter specification for sensitivity 
analysis, and data processing 
Three sets of simulations were undertaken in surface water flood modelling to 
investigate: (i) sensitivity analysis to mesh resolution; (ii) sensitivity analysis to 
roughness; and (iii) scenario based simulations of flood risks with rainfall intensity of 
various return periods and future topographies considering land subsidence. 
• Topographic data 
For sensitivity analysis, DEMs of 5 m, 10 m, and 20 m resolution were generated based 
on a 10-m DEM derived from LiDAR (Figure 5.3). The 10 m resolution DEM (316,308 
cells) was resampled to 5 m (1,265,232 cells) and 20 m (79,206 cells) resolution using 
a bilinear resample method which determines a cell value based on a weight-distance 
of the four nearest input cell centres (ESRI, 2015). The 10-m resolution DEM was 
resampled to 5 m as the vector layer of building used in the modification of topographic 
data are more accurate than the 10-m resolution DEM obtained. To maintain a 
continuous surface, the DEM needed to be filtered using the low pass filter method in 
ArcGIS Spatial Analyst tools (McCoy et al., 2001). The DEM was further modified by 
incorporating major structural features including buildings and roads. The buildings 
data were modified using the Aggregate Polygons method in ArcGIS Cartography 
tools. This method produces new vector polygons from the combination of polygons 
within a specified distance of each other (McCoy et al., 2001). Then, the vector layers 
of building and road were converted to raster layers and combined with the filtered 
DEMs of 5 m, 10 m and 20 m resolutions. 
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Figure 5.3: Digital Elevation Model of the Sukhumvit sub-polder (10 m) 
• Parameters tested    
In order to evaluate the model sensitivity to floodplain roughness, similar to what was 
undertaken in coastal flood modelling, ten Manning’s n values (0.01 to 0.1 at a 0.01 
interval) was used in the analysis, capturing the range of plausible roughness values for 
which Manning’s relationship was originally formulated. For each DEM resolution, the 
time series of inundation extent obtained from the default Manning’s n = 0.01 were 
compared with model predictions with other roughness values. This verification 
process facilitates the understanding of how flow variables respond to changing 
roughness. Sensitivity analysis of mesh resolution and roughness is coupled with the 
evaluation of drainage capacity. Drainage capacity values of 10 mm, 15 mm and 20 
mm were evaluated, based on the design standard of the drainage capacity in the area 
which is designed to protect the city from a less than 2-year rainfall event (Department 
of Drainage and Sewerage, BMA, 2014). The model was found to be sensitive to 
hydraulic conductivity in previous studies (e.g. Yu and Coulthard, 2015; Yin et al., 
2016). However, a greater hydraulic conductivity value was found to result in little 
surface water flooding, suggesting the amount of water through soil is minor due to the 
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highly urban nature of the study site. Hydraulic conductivity value at 0.001 m/hour and 
evapotranspiration rate at 0.003 m/day is set for all simulations during the sensitivity 
analysis. The whole study site is a developed urban area. Impacts of hydraulic 
conductivity, evapotranspiration, and infiltration were found to be minor in previous 
studies.  Therefore, hydraulic conductivity and evapotranspiration parameters are set as 
default, while infiltration are excluded in the simulations. 
• Event used (June 2015) 
A 6-hour rainfall event which occurred on 8th June 2015 was used in the sensitivity 
analysis and model validation. The precipitation data used in the model simulation was 
derived from the 5-minute records of the 13 rainfall gauging stations in the vicinity of 
the site (Figure 3.6, Section 3.5.1.4). The hyetographs at the stations are shown in 
Figure 5.4, illustrating the spatial and temporal dynamics of the rainfall. The 6-hour 
rainfall total ranges from 37.6 mm (WS38-Taling Chan) to 108.5 mm (WS29-
Watthana). 
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Figure 5.4: Rainfall hyetographs recorded at the rainfall stations in Bangkok (Unit: 
mm/ 5 min) 
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Time series of distributed precipitation inputs were generated using the two-
dimensional minimum curvature spline technique. This method calculates values using 
a mathematical function that minimises the overall surface curvature, resulting in a 
smoother surface passing through input points. It is found to be the most suitable 
approach for representing smooth and continuous surface data such as temperature and 
rainfall (Childs, 2004; Earls and Dixon, 2007). Time series of spatially interpolated 5-
minute rainfall used in the simulation of the 2015 event are shown in Figure 5.5.  
 
 
 
Figure 5.5: Distributed rainfall inputs used in the baseline simulation of 8th June 2015. 
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• Observation data  
Social media and social networks such as Facebook, Twitter and Instagram are used as 
tools for sharing and updating information worldwide. Such systems have been used to 
provide information for model validation (e.g. Smith et al., 2015). Information that can 
be extracted includes photos, videos and textual descriptions, which may enable the 
reconstruction and mapping of flood extents (McDougall, 2011). Other sources of flood 
data with geolocation include Volunteered Geographic Information (VGI) and 
Crowdsourced data. For example, such data have been applied in the assessment of 
flood damage in New York City after the flood event caused by Hurricane Sandy 
(Schnebele et al., 2013). In Thailand, social media was fully engaged in the response 
of the 2011 Thai Flood and was used to receive and publish updated information of the 
event (Kongthon et al., 2012). Pictures taken and uploaded on the social communities 
during the fluvial and coastal flood in 2011 provided useful information such as water 
level and impacts of flooding in several locations during the 7-month flooding in 
Thailand (Kaewkitipong et al., 2012).  
During and after the flood event on 8th June 2015, geolocated photos and videos were 
uploaded to social media and social networks such as Facebook, Twitter, and Instagram 
by the public. In this study, pictures with geolocations or hashtags containing the word 
related to the event and clearly illustrating the flood level were used as observation data 
to validate model predictions. Flood depths were estimated using reference objects 
contained in the photos/videos cars (e.g. footpath, car and people). Details for 
individual locations were summarised in Table 5.1.  Locations of 12 validated points 
are shown in Figure 5.6. The pictures extracted for each location are presented in Figure 
5.7.   
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Table 5.1: Summary of the observed geolocation data 
 Location Time 
Estimated 
depth (m) 
Sources of evidence 
P01 Sukhumvit 36 - Si Charoen Pharmacy 6.37 am 0.2 – 0.4 cars, footpath 
P02 Sukhumvit 36 - Soi Saen Sabai 8.29 am 0.2 – 0.3 people 
P03 Sukhumvit 31- GION, Phrom Chit Alley 10.33 am 0.05 – 0.3 cars, people 
P04 Sukhumvit 22 9.15 am 0.1 – 0.3 cars 
P05a Asoke Montri Road – Grand Parkview 7.15 am 0.2 – 0.3 cars, footpath 
P05b Asoke Montri Road – Grand Parkview 9.00 am 0.05 – 0.2 cars, footpath, people 
P06 Sukhumvit 24 7.10 am 0.2 – 0.3 cars, footpath 
P07 Asoke – Sino Thai 8.46 am 0.2 – 0.4 cars, people 
P08 Asoke Montri Road  N/A 0.05 – 0.2 cars 
P09 Soi Ekamai 28 10.53 am 0.05 – 0.1 cars 
P10 Soi Ekamai 10 11.39 am 0.05 – 0.2 cars 
P11 Asoke – Sino Thai 2 7.59 am 0.2 – 0.4 cars 
P12 Sukhumit 20 -Basilico Pizzaria 7.59 am 0.1 – 0.2 cars, people 
 
 
Figure 5.6: Locations of geolocated photos and videos documented during and after 
flooding  
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Figure 5.7: Evidence of flood events on 8th June 2015 
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Figure 5.7 (Continued) 
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5.2.3 Design scenarios 
• Baseline event used for future scenarios (July 2011) 
Future projections of precipitation were derived from historical data at the Watthana 
station, which is located at the north of the study site (WS29, Figure 3.6). The baseline 
event used for future scenario design occurred on 1st July 2011, which is the 2-hour 
historical record in Bangkok. Figure 5.8 compares the rainfall records of the validation 
event (8th June 2015) and the baseline event for future scenarios (1st July 2011). It is 
noted that the rainfall in the 2015 event is more clustered than the 2011 event. Whilst 
the total amount of 24-hour rainfall is similar, the 2-hour total rainfall during the 2011 
event is considerably higher (83.5 mm). 
 
 
Figure 5.8: Comparison of the rainfall event used in the simulation (8th June 2015) 
and the extreme rainfall event (1st July 2011) recorded at Wattana rainfall station 
(WS29) 
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• Land subsidence  
Distributed land subsidence rates were provided by Aobpaet et al. (2013) (Section 
3.5.1.5) which allowed future topographies considering land subsidence to be derived 
for the 2050, 2080 and 2100. This was undertaken by assuming land subsidence rate 
derived for the period between 2005 and 2010 (Figure 5.9) continues into 2100, with 
the same spatial pattern. DEMs for the 2050, 2080 and 2100 are presented in Figure 
5.10.  
 
Figure 5.9: Distributed rate of land subsidence provided by Aobpaet et al. (2013) 
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Figure 5.10: Future topographies derived based on assuming current trend of land 
subsidence (Aobpaet et al., 2013) continues into (a) 2050, (b) 2080, and (c) 2100 
 
(a) 
(b) 
(c) 
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• Design rainfall 
The effects of rainfall magnitude were explored based on the Chicago design storm 
method (Keifer and Chu, 1957), which has been widely adopted in designing rainfall 
profiles (Yin et al., 2016). This method generates rainfall time series by calculating the 
peak intensity and reconstruct the rainfall profiles before and after the peak across the 
relevant spectrum of durations for different return periods (Keifer and Chu, 1957). This 
allowed rainfall hyetographs of various return periods (1-in 2, 5, 10, 20, 50 and 100 
years) to be generated, using the historical records at Wattana station (Table 3.5). Figure 
5.11 shows the 2-hour rainfall hyetographs designed for various return periods. 
 
Figure 5.11: Design 2-hour rainfall hyetographs (mm/5 minute) for different return 
periods using the Chicago design storm method (Keifer and Chu, 1957) 
 
Table 5.2 presents the simulations undertaken for the baseline 2011 event and design 
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Table 5.2: Surface water flood modelling scenario design 
Land subsidence 
Return Period Rainfall (year) 
2 5 10 20 50 100 
2011 
DEM2011 DEM2011 DEM2011 DEM2011 DEM2011 DEM2011 
RP-2 RP-5 RP-10 RP-20 RP-50 RP-100 
2050 
LS2050 LS2050 LS2050 LS2050 LS2050 LS2050 
RP-2 RP-5 RP-10 RP-20 RP-50 RP-100 
2080 
LS2080 LS2080 LS2080 LS2080 LS2080 LS2080 
RP-2 RP-5 RP-10 RP-20 RP-50 RP-100 
2100 
LS2100 LS2100 LS2100 LS2100 LS2100 LS2100 
RP-2 RP-5 RP-10 RP-20 RP-50 RP-100 
5.3 Surface Water Flood Modelling Results and Discussion 
The first set of model simulations focused on the effect of roughness and mesh 
resolution on model predictions and model validation using the 8th June 2015 event. 
Simulations with different combinations of mesh resolution (5 m, 10 m and 20 m), 
roughness (n = 0.01 to 0.1, at 0.1 interval) and drainage capacity (10, 15, 20 mm/hour) 
were undertaken. The simulation used the distributed 6-hour rainfall shown in Figure 
5.8. Results are presented in Section 5.3.1. Geolocation data acquired from social media 
and social network (Figure 5.7) were used to validate the model predictions. Results 
are presented in Section 5.3.2. 
5.3.1 Results and discussion 1: Sensitivity to roughness and mesh 
resolution 
5.3.1.1 Sensitivity to roughness 
Time series of inundation extent, F Statistic and RMSD for the simulation with a 
drainage capacity of 15 mm per hour are presented in Figure 5.12, using the n = 0.01 
simulation as the reference dataset (see Appendix D for drainage capacity of 10 mm 
and 20 mm per hour). In terms of inundated area over time (Figure 5.12a), for all mesh 
resolutions, the model responds as expected with varying friction values. Although 
inundated areas associated with various fiction values are not readily distinguishable in 
the original graphs, a close-up view of the peak values demonstrates the model 
sensitivity. Higher values of n are associated with lower increase rates of flooded area, 
suggesting that higher values of n may be used with coarse resolution meshes to reduce 
flow velocity (see Appendix D). 
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F Statistic (Figure 5.12b) and RMSD (Figure 5.12c) demonstrate the effects of 
roughness specification on the spatial distribution of flooded extents and water depths. 
Figures 5.12b reveals that F statistics for individual simulations decrease to rather low 
levels during the initial wetting phase, reflecting the dissimilarity in simulated extents 
during the wetting process, suggesting changing the roughness values affects 
floodwater velocity. Although the RMSD values for all simulations are below 2 cm, the 
impact of roughness is clear in Figure 5.12c. 
5.3.1.2 Sensitivity to mesh resolution 
Model sensitivity to mesh resolution for different roughness values is presented in 
Figure 5.13. The model demonstrates varying degrees of sensitivity when evaluated 
using different metrics, and the sensitivity varies over time for different 
resolution/roughness combinations. For inundation extent, coarser meshes are 
associated with greater inundation extents and the sensitivity increases over time with 
all roughness values. In terms of the F statistic and RMSD, the model is more sensitive 
with higher roughness values (Figure 5.13). Furthermore, the model is more sensitive 
to mesh resolution during the wetting process when evaluated using the F statistic, and 
the difference reduces over time. Whilst the overall water depth difference is below 2 
cm for all simulations, model sensitivity evaluated using RMSD is more pronounced 
with high roughness values, and after the second peak. 
The interaction between roughness and mesh resolution is a complex issue for flood 
inundation modelling when hydrological processes are considered (e.g. surface runoff, 
precipitation and evapotranspiration). Coarser meshes were generally found to increase 
inundation extents but this is not always the case (Bates et al., 2010). Model response 
to roughness and mesh resolution demonstrated here is similar to those obtained from 
previous studies (Horritt and Bates, 2001a; McMillan and Brasington, 2007; Yu and 
Coulthard, 2015; Ozdemir et al., 2013; Yin et al., 2016 a, b), which can be explained 
by a smoother topographic surface with a coarser mesh resolution and reduced blockage 
effect.  However, intricate flow pathways in urban topographies may not be present in 
coarser meshes, reducing topographic connectivity and resulting in reduced flood 
extent (Ozdemir et al., 2013). This may compensate the smoothing effect of mesh 
coarsening. This is demonstrated in Figure 5.14 where flow connectivity is lost in some 
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places with a coarser mesh (e.g. in the inset). Furthermore, the use of roughness 
effectively provides a means to parameterization which may compensate the effects of 
simplified process representation (e.g. dispersion terms associated with secondary 
circulation, diffusion terms associated with turbulence) and topographic coarsening (Yu 
and Lane 2006; Lane, 2005). 
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Figure 5.12: Sensitivity analysis to roughness for different resolutions, drainage capacity = 15 mm/hour 
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n = 0.01   n = 0.02   n = 0.03   n = 0.04   n = 0.05 
 
 
 
 
Figure 5.13: Sensitivity to mesh resolution for different roughness values, drainage capacity = 15 mm/hour, Ref n = 0.01  
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n = 0.06   n = 0.07   n = 0.08   n = 0.09   n = 0.1 
 
Figure 5.13 (Continued) 
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Figure 5.14: Effects of model resolution (a) 5 m DEM, (b) 10 m DEM and (c) 20 m 
DEM. Drainage capacity is set as 15 mm/hour  
(a) 
(b) 
(c) 
5 m DEM 
20 m DEM 
10 m DEM 
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5.3.2 Results and discussion 2: Model validation  
Photos and videos uploaded on 8th June 2015 to social media and social networks by 
the public (Figure 5.7) were used to validate model predictions. Locations and depth 
information were extracted from the point where the photos were taken. The method 
used to process the observed data, including a summary of the time of occurrence and 
flood depth for each location (Table 5.1) is described in Section 5.2.2. 
Simulations using different mesh resolution (5 m, 10 m, and 20 m), combined with 
three roughness values (0.02, 0.03 and 0.04) and varying drainage capacity (10, 15, 20 
mm/hour) were selected to evaluate flood depth time series predictions against depth 
estimates obtained from the photographic information (Table 5.1). Results are shown 
in Figure 5.15. The estimated depth range is plotted for each location with the 
corresponding time. Where time is out of the simulation period, it is plotted to the right 
of a figure. The confidence of time and depth estimation is rated on a 1 to 5 scale, with 
5 indicating most certainty. The confidence of time was based on the accurate level of 
the time information providing, while the confidence of depth was based on the method 
used for depth estimation.  Source of depth estimation is also indicated for each 
location. 
Table 5.3 calculates the number of points with correctly predicted depth and timing in 
each simulation. The concept of equifinality (Beven, 1993; 2006) was applied to 
evaluate the modelling predictions. The approach is based on the hypothesis that 
different models are equifinal if they produce equally acceptable model predictions. 
This theory is the key method used to evaluate uncertainty in hydrological modelling, 
allowing model calibration to be undertaken. Results show that seven combinations of 
modelling parameters predicted 8 out of the 12 observed locations correctly. In terms 
of mesh resolution, the 5 m simulations generate the highest rank. With respect to 
drainage capacity, a 15 mm/ hour drainage capacity with a 5 m or 10 m resolution for 
all roughness values generate acceptable predictions. Simulations with the design 
drainage capacity in the Bangkok area (60 mm/hour) (Bangkok Metropolitan 
Administration, 2014) generates no flooding, suggesting the drainage system during the 
flood event was likely to be much less effective than the design standard. 
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Based on validation using discrete point observation, the 5 m DEM with the Manning’s 
n value of 0.03 and the drainage capacity of 15 mm per hour was employed in the 
simulation for scenario projection to evaluate the impacts of land subsidence on surface 
water flooding.  
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Figure 5.15: Time series of floodwater depth validated with the data derived from social network at various locations (Figures 5.6, 5.7) 
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Figure 5.15 (Continued)  
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Figure 5.15 (Continued) 
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Figure 5.15 (Continued) 
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Table 5.3: Model validation using discrete point observation: simulations with 
combinations of mesh resolution, roughness value and drainage capacity 
Point 
ID 
n = 0.02 n = 0.03 n = 0.04 
DC = 10 
mm/h 
DC = 15 
mm/h 
DC = 20 
mm/h 
DC = 10 
mm/h 
DC = 15 
mm/h 
DC = 20 
mm/h 
DC = 10 
mm/h 
DC = 15 
mm/h 
DC = 20 
mm/h 
5 
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5  
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 m 
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 m 
10 
m 
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m 
5  
m 
10 
m 
20 
m 
P01                            
P02                            
P03                            
P04                            
P05a                            
P05b                            
P06                            
P07                            
P08                            
P09                            
P10                            
P11                            
P12                            
Total 4 6 4 8 8 3 8 6 1 4 6 4 8 8 3 7 4 1 4 6 4 8 8 3 7 4 1 
 
5.3.3 Results and discussion 3: Future scenarios 
The 2-hour rainfall event on 1st July 2011 was used as the baseline event for surface 
water flooding scenarios (Section 5.2.3). Rainfall scenarios were designed using the 
Chicago Design Storm approach to generate 2-year, 5-year, 10-year, 20-year, 50-year 
and 100-year return period 2-hour rainfall events (Figure 5.11). Future rainfall scenarios 
assume no change in climatology and storminess due to the challenging nature of short-
duration rainfall projection. The distributed rate of land subsidence was projected to 
2050, 2080, and 2100 based on the study of Aobpaet et al. (2013). The potential impacts 
of rainfall intensity and land subsidence were then evaluated.  
5.3.3.1 Baseline event and design scenarios with the 2011 
topography 
Time series of inundation extent and water depth for the baseline event are shown in 
Figure 5.16, with the insets illustrating flow accumulation over time at the street level.
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Figure 5.16: Time series of inundation extent for the simulation of the flood event on 1st July 2011, with the present topography  
Time: 0 min Time: 30 min 
Time: 45 min Time: 60 min 
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Figure 5.17 (Continued)  
Time: 75 min Time: 90 min 
Time: 105 min Time: 120 min 
Chapter 5 Surface Water Flood Modelling and Risk Analysis 
 
 
 
170 
Figure 5.17 presents the time series of inundation extent for the 2011 baseline event, in 
comparison with the return-period based design events (Table 5.2), with the 2011 
topography. Results show that, for the baseline event (solid line in Figure 5.17a), 
flooding begins after 25 minutes into the event and it takes approximately 30 minutes 
to reach the peak, reducing after 60 minutes and increasing again between 90 and 105 
minutes following the second precipitation peak. Inundation extent over time for the 
design events synchronizes with rainfall profile and peaks shortly after the rainfall peak 
(dotted lines in Figure 5.17a). The inundation area of the baseline event suggests that it 
is a greater than 1 in 2-year event. Water balance is calculated as the net volume of 
water on the floodplain by deducting water loss through drainage system, surface 
infiltration, and evapotranspiration. Figure 5.17b compares the results which also 
suggest it is a greater than a 2-year event. 
(a)                                                            (b) 
 
 
Figure 5.18: (a) total inundation extent; (b) water balance of different return period 
events. 
5.3.3.2 Design events with projected topographies of land 
subsidence scenarios 
Total inundation area and water balance over time are shown in Figure 5.18. The impact 
of rainfall magnitude is clear, but the impact of land subsidence appears to be marginal 
using the scale on the figure, although a zoom-in view shows that there are differences. 
To further distinguish between simulations, Figure 5.19 compares between simulations 
using the 2011 baseline simulation as the reference and calculates F and RMSD for 
other scenarios. Although the results suggest that the effects of land subsidence on 
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inundation extent are relatively small in this study site, the F statistic and RMSD reveal 
the spatial and temporal deviation of flow variables between land subsidence scenarios.  
As the rate of projected land subsidence varies across space, surface water dynamics 
are expected to change over the project future. As a result, hotspots of surface water 
flooding are also expected to evolve as topography changes.  
 
 
Figure 5.19: Inundation area and water balance for different return period of rainfall 
and land subsidence 
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Figure 5.20: Impacts of land subsidence and the accuracy statistics compared to the base simulation of 2011 DEM  
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Figure 5.19 (Continued)
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RMSD demonstrates the overall depth deviation between simulations. However, the 
difference is likely to be spatially distributed as land subsidence rate varies across the 
study site. Figure 5.20 presents the maximum inundation extents for the 2011 baseline 
events with the current and projected topographies. Figure 5.21 plots the differences of 
the maximum flood depth predictions between the baseline 2011 design rainfall event 
and those under land subsidence scenarios for 2050, 2080 and 2100. Most places are 
associated with small depth differences between -5 cm and +5 cm. However, there are 
‘hot-spots’ where changes in water depth are apparent, and the changes become more 
pronounced over time with increased land subsidence. Variable rates of land subsidence 
across the study site (Figure 5.9 and 5.10) could potentially increase water depths in 
certain flood hot-spots, where the rate of land subsidence is greater than those of the 
surrounding areas. This was found to be case in Shanghai (Yin et al 2016), where certain 
road junctions were found to have increased flood risks due to greater accumulation of 
water from surrounding roads which have relatively lower subsidence rate compared to 
the rate in road junctions. The corresponding water depth time series at the observation 
points (Figure 5.6) are shown in Figure 5.22. Depth profiles over time suggest land 
subsidence has notable impacts on flow routing at hot-spots, especially after the rainfall 
peak. Most sites observed to be flooded in 2011 see increased water depth with land 
subsidence. However, there are locations where water depth decreases with land 
subsidence (e.g. point P04, P05, P06, and P08). This is due to the spatial heterogeneity 
in land subsidence rates used in the simulation.  
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Figure 5.21: Prediction of maximum inundation depth for the baseline event with the 
current (a) and projected topographies in: (b) 2050, (c) 2080, and (d) 2100 
 
(a) 
(b) 
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Figure 5.20 (Continued) 
(c) 
(d) 
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Figure 5.22: Differences of the maximum flood depth prediction between the present 
and projected topographies: (a) 2050, (b) 2080 and (c) 2100
(a) 
(b) 
(c) 
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Figure 5.23: Time series of water depths for different land subsidence scenarios
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5.3.4 Impacts on buildings and infrastructure, land use and roads  
Further analysis was undertaken to explore the effects of surface water flood inundation 
on buildings, infrastructure, land use and transportation networks. Data employed in 
the analysis were obtained from the Department of City Planning, Bangkok 
Metropolitan Administration (2014) and the Ministry of Transport (2010). The 
processing and classification of these datasets are detailed in Chapter 3 (Section 3.5.2).  
Flood hazard maps for all scenarios in the surface water flood study site are contained 
in Appendix E. Here results from the 20-yr flood scenarios are presented. Figure 5.23 
shows the flood hazard map for the 20-year return period rainfall scenario on the 2011 
topography, along with critical infrastructure nodes. Flood depths were classified into 
five classes based on the study of climate change impact by World Bank (2009): ankle 
depth (0.0 – 0.1 m); knee depth (0.1 – 0.5 m); waist depth (0.5 – 1.0 m); depth that 
people live in one-storey house have to evacuate (1.0 – 2.0 m) and depth level that all 
people have to evacuate (higher than 2.0 m).  
Table 5.4 presents the total number of buildings, land use and roads affected, with a 
threshold depth of 0.1 m applied in the evaluation. The 10-cm water depth may not 
place major risks to buildings, but it can cause the traffic congestion across the Bangkok 
Metropolitan Region. For the case study of present scenarios with 1 in 20 years return 
period rainfall (DEM2011 + RT-20yr), the total number of building affected is 2,313, 
including 1,404 residential houses, 803 commercial buildings, and 106 critical 
infrastructure nodes. Total affected agricultural land use is 0.08 km2. It is estimated that 
nearly half of the total cultivated area (48.7%); and road network (48.9%) may be 
affected by the flood from the 20-year return period rainfall. On the whole, results 
suggest that surface water flood risk affects low-lying areas in the study site and its 
impact increases with low frequency events. For the detailed statistics of building, 
infrastructure, land use, and road network affected in each scenario, see Appendix F.  
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Figure 5.24: Flood hazard map associated with the 1 in 20 years return period rainfall  
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Table 5.4: Summary of buildings, land use, and roads affected in different scenarios  
Scenario 
Building and Infrastructure (Unit: Building) 
Total 
% of total 
affected 
building 
Landuse 
% of total 
affected  
Road 
% of total 
affected road Residence 
Productivity 
and commerce 
Critical 
infrastructure 
Agriculture 
(km2) 
Length (km) 
Total 35083 11658 1646 48387 100.0% 0.16 100.0% 428.4 100.0% 
DEM 2011          
R2011 1,056 622 77 1,755 3.63% 0.05 30.6% 162.0 37.8% 
RT-2yr 929 573 66 1,568 3.24% 0.04 26.7% 146.4 34.2% 
RT-5yr 1,169 678 85 1,932 3.99% 0.06 37.7% 179.3 41.9% 
RT-10yr 1,299 746 101 2,146 4.44% 0.07 44.0% 196.1 45.8% 
RT-20yr 1,404 803 106 2,313 4.78% 0.08 48.7% 209.4 48.9% 
RT-50yr 1,530 873 115 2,518 5.20% 0.09 53.7% 222.5 51.9% 
RT-100yr 1,678 932 119 2,729 5.64% 0.09 58.3% 234.0 54.6% 
Land Subsidence 2050 
R2011 1,021 606 72 1,699 3.51% 0.05 29.3% 159.7 37.3% 
RT-2yr 934 561 66 1,561 3.23% 0.04 25.1% 144.6 33.8% 
RT-5yr 1,135 663 88 1,886 3.90% 0.06 35.7% 177.1 41.3% 
RT-10yr 1,263 736 101 2,100 4.34% 0.07 42.6% 193.8 45.2% 
RT-20yr 1,369 799 110 2,278 4.71% 0.08 47.8% 207.5 48.4% 
RT-50yr 1,534 867 116 2,517 5.20% 0.09 53.4% 220.6 51.5% 
RT-100yr 1,667 928 120 2,715 5.61% 0.09 57.9% 232.4 54.3% 
Land Subsidence 2080 
R2011 1,012 614 77 1,703 3.52% 0.05 28.3% 157.6 36.8% 
RT-2yr 906 561 69 1,536 3.17% 0.04 24.3% 142.6 33.3% 
RT-5yr 1,122 668 83 1,873 3.87% 0.06 34.7% 175.0 40.9% 
RT-10yr 1,262 730 98 2,090 4.32% 0.07 41.2% 191.9 44.8% 
RT-20yr 1,368 792 111 2,271 4.69% 0.07 46.4% 205.3 47.9% 
RT-50yr 1,522 862 117 2,501 5.17% 0.08 52.6% 218.5 51.0% 
RT-100yr 1,638 913 120 2,671 5.52% 0.09 56.7% 230.8 53.9% 
Land Subsidence 2100 
R2011 999 609 76 1,684 3.48% 0.04 27.7% 155.8 36.4% 
RT-2yr 914 564 68 1,546 3.20% 0.04 24.1% 141.0 32.9% 
RT-5yr 1,131 662 84 1,877 3.88% 0.05 33.9% 173.0 40.4% 
RT-10yr 1,262 731 94 2,087 4.31% 0.06 40.0% 190.1 44.4% 
RT-20yr 1,368 783 108 2,259 4.67% 0.07 45.5% 203.4 47.5% 
RT-50yr 1,516 851 115 2,482 5.13% 0.08 51.2% 216.7 50.6% 
RT-100yr 1,622 905 119 2,646 5.47% 0.09 56.0% 228.9 53.4% 
Chapter 5 Surface Water Flood Modelling and Risk Analysis 
 
 
 
182 
5.3.5 The implications of the simulation results on socio-economic 
development and future surface water flood risk management 
Although results from the simulations show that surface water flooding might cause 
minor effects on the building in Sukhumvit sub-polder, it could cause major impacts on 
businesses and people living in the area. Since the operation of Bangkok Mass Transit 
System (BTS Skytrain) in 2000 and Metropolitan Rapid Transit, (MRT Subway) in 
2004, the study site has become the central node for mass transport system in Bangkok. 
The city has expanded and various areas in the study site were developed and it is 
dominated by mass transit system and high-rise buildings which are used as business 
offices, shopping retails, residential developments and tourist accommodations 
(Pathnadabutr, 2013). Continued urban development could increase the exposure of 
social and economic sectors to surface water flood hazards in the study site. In addition, 
simulation results reveal that the drainage systems of BMR during the flood event in 
2015 was likely to be less effective than the design standard (Section 5.3.2). Therefore, 
risks of surface future flooding in this area have been caused by both climate-related 
drivers (i.e. increasing precipitation) and human-related drivers (i.e. land subsidence 
and urbanization). This could lead to the challenge of designing better flood risk 
management for uncertain future scenarios of flooding. An integrated of structural (i.e. 
flood defences, flood storages and drainage systems) and non-structural measures (i.e. 
flood awareness campaign, land use planning and flood insurance) are required to 
reduce flood risks in this study site.   
5.4 Conclusions  
This chapter has evaluated the potential impacts of land subsidence on the surface water 
flood risks in the Sukhumvit sub-polder, which is one of the central business districts 
of Bangkok with developed drainage systems. 
The flood event on 8th June 2015 was employed in model calibration and validation. 
Geolocated photos and videos uploaded to social media and social networks (Facebook, 
Instagram, and Twitter) during and after the event were used to evaluate model 
performance. Model sensitivity was evaluated to determine a best mesh resolution, 
roughness value, drainage capacity and hydraulic conductivity for the site. Results 
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suggest the model is sensitive to both mesh resolution and roughness, but with different 
degrees of sensitivity when evaluated against different metrics. Differences between 
results obtained from various simulations are more distinguishable using F and RMSD 
but less with total inundation area. Simulation of the 2015 event indicates that the 
drainage system was unlikely to have performed to its design standard during the event, 
suggesting a degraded system which may need clean-up and maintenance. 
To investigate the potential impacts of land subsidence, topographies were modified 
based on InSAR-derived distributed land subsidence rates, projected to 2050, 2080, and 
2100, assuming the spatial pattern and rate of land subsidence continue as at present. 
Design rainfall scenarios were generated using the Chicago design storm method, with 
a baseline 2-hour event occurred on 1st July 2011, which is estimated to be a 1 in 2-year 
event. 
The impacts of surface water flooding on buildings, land use, and transportation 
networks were investigated. Flood hazard maps are produced, overlain with critical 
infrastructure nodes including: electricity substations, gas stations, telecommunications, 
landfill and wastewater treatment plants, government property, hospitals, day-care 
centres and nursing homes, temples, schools, and transportation stations. Results 
suggest that there are progressively increased risks of surface water flooding to critical 
infrastructure with increasing flood magnitude and land subsidence. 
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CHAPTER 6 
 
Fluvial Flood Modelling and Risk Analysis 
6.1 Introduction 
The aim of this chapter is to explore the fluvial flood risks under present and projected 
climate change and land subsidence scenarios, taking into account the adaptation 
strategies such as flood defence infrastructure for better understanding and managing 
fluvial flood risks in the Bangkok Metropolitan Region in a changing climate.  
This chapter is divided into four sections. Section 6.2 describes the methods of fluvial 
flood modelling including: overview of fluvial flood modelling, one-dimensional river 
flow modelling, two-dimensional fluvial flood inundation modelling, coupling HEC-
RAS with FloodMap, and scenario design for fluvial flood modelling. Section 6.3 
presents the upstream and downstream flow boundary conditions for the 1D river flow 
modelling. Results obtained from the sensitivity analysis to roughness, flow scenarios 
for 1D river flow model, and 2D inundation modelling are discussed in Section 6.4, 
followed by conclusions in Section 6.5.   
6.2 Methodology 
6.2.1 Fluvial flood modelling overview 
Fluvial flood modelling takes a nested approach, with river flow modelled as one-
dimensional (1D) for the lower Chao Phraya River from cross sections C.35, C.36, C37 
and S.5 to the river mouth (Section 6.2.2), and floodplain inundation modelled as two-
dimensional (2D) in the inundation modelling site where cross section C.22 is located 
(Section 6.2.3). Inundation modelling was not undertaken for the entire lower Chao 
Phraya River as firstly, it is computationally unfeasible to model the entire 360 km of 
the river (Vongvisessomjai, 2006) in 2D with a sufficiently fine mesh resolution (20 
m), and secondly, floodplain topography is unavailable at a number of locations (Figure 
3.4, Section 3.5.1.1).  
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River flow modelling was undertaken using the widely-used 1D hydraulic model HEC-
RAS (Hydrologic Engineering Center River Analysis System), designed by US Army’ 
Corps of Engineers. Recent development of the model has included 2D flood inundation 
capacity. However, this was not explored in this study due to the complexity involved 
in mesh generation using irregular cells and the use of FloodMap in coastal and surface 
water flood modelling (Chapters 4 and 5 respectively) for consistency. Therefore, 2D 
flood inundation modelling for the study site was undertaken using the inertial version 
of FloodMap (Yu and Lane, 2006a, b). The 1D river flow modelling and 2D flood 
inundation modelling were coupled through the river-floodplain boundary, using a 
similar approach to Tayefi et al. (2007). Sections 6.2.2 and 6.2.3 present the details of 
1D river flow modelling and 2D fluvial flood inundation modelling respectively. 
6.2.2 One-dimensional river flow modelling 
One-dimensional river flow modelling was undertaken at the lower Chao Phraya River 
where 17 gauging stations are present (Figure 6.1). The 1D river flow model 
constructed starts from gauging stations C.35, C.36, C.37 and S.5 to station C.4 as these 
are the most gauged reaches, and both flow and cross sectional data are available. 
Runoff records and cross-section profiles of 10 gauging stations were obtained from 
the Royal Irrigation Department. Details of daily hydrological records available are 
presented in Table 6.1. The frequency of maximum flow and water level at the gauging 
sites was investigated to evaluate the temporal trend of hydrological data in the study 
site and inform scenario design (Section 6.2.5). Results of frequency analysis are 
presented in Section 6.3.1. 
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Figure 6.1: Location of gauging stations in the Chao Phraya River Basin 
Table 6.1: Availability of daily discharge and water level records of the gauging 
stations in the Lower Chao Phraya River basin  
 
Unsteady river flow modelling was employed to simulate flow velocity and depth at 
each cross-section as this method is suitable for a network of river reaches containing 
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junctions and hydraulic connections (Brunner et al., 2016). Unsteady river flow 
modelling requires time series of flow data including flow boundary conditions and 
initial conditions (Brunner, 2016). The boundary conditions need to be set at all open 
ends of the river network. Boundary and internal conditions are summarized in Table 
6.2. Flow hydrographs are specified at four stations at the upstream boundary, 
including: Chao Phraya River Station (C.35), Khlong Bang Luang Station (C.36), 
Khlong Bang Bann Station (C.37) and Pasak River Station (S.5). The downstream 
boundary (TC. 53) is specified as normal depth, defined by a friction slope, which is 
set at 0.0004 after calibration. Stations at downstream of the river are affected by tidal 
oscillations. Therefore, observed stage and flow hydrograph at TC.29 and C.4 were 
specified as the internal boundary conditions. Initial flow conditions, which were 
designed based on the starting points of flows recorded at each station, were specified 
at all cross sections at the beginning of the simulation.  
Table 6.2: Boundary conditions for the unsteady flow analysis in HEC-RAS model 
Station River Reach Boundary Condition Initial flow (cms) 
C.35 Chao Phraya River Flow hydrograph 800 
C.36 Khlong Bang Luang Flow hydrograph 426 
C.37 Khlong Bang Baan Flow hydrograph 110 
S.5 Pasak River Flow hydrograph 480 
TC.29 Chao Phraya River Internal stage and flow hydrograph  
C.4 Chao Phraya River Internal stage hydrograph  
TC.53 Chao Phraya River Normal Depth (Friction slope = 0.0004)  
6.2.3 Two-dimensional fluvial flood inundation modelling 
The fluvial flood inundation modelling site is located in the Nonthaburi Province, north 
of the Bangkok Metropolitan Region (Figure 6.2). The study site has an area of 61 km2 
and consists of two administrative districts of Nonthaburi Province, including the 
Mueang Nonthaburi District and Pak Kret District (Figure 6.3). The site occupies both 
sides of the river bank and is located within the road boundary of Chaiyaphruek Road 
to the North, Nakhon-In Road to the South, National Highway 306 to the East, and 
Ratchaphruek Road to the West. The major land use types are different on either side 
of the river. Figure 6.3 shows the satellite image (Figure 6.3a) of the fluvial flood 
inundation site and the 20 m digital elevation model (Figure 6.3b), derived from the 10 
m DEM provided by Thailand National Spatial Data Infrastructure Committee, Geo-
Informatics and Space Technology Development Agency (GISTDA) (Section 3.5.1.1). 
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The city centre lies on the east of the Chao Phraya River, hence this site is 
predominately urban. Land use of the western part is a combination of residential and 
agricultural, including rice fields and fruit orchards such as banana, coconut, durian, 
mango, mangosteen and pomelo (National Statistics Office, 2016). The site was flooded 
in the 2011 event. Since 1983, flood defences have been constructed along both river 
banks to prevent the river from overtopping. 
 
Figure 6.2: Fluvial flood inundation modelling site in Nonthaburi Province 
 
 
Figure 6.3: (a) Satellite image of the fluvial flood inundation modelling area (Sources: 
Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, 
AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community); 
(b) Digital Elevation Model with flood defences built in. 
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6.2.4 Coupling HEC-RAS with FloodMap 
FloodMap can use HEC-RAS’s outputs as inflow boundary conditions for floodplain 
inundation modelling in two ways. First, flow rates across HEC-RAS’s river-floodplain 
boundaries laterally can be used as inputs to FloodMap. This has been demonstrated in 
Tayefi et al. (2007). An alternative is to use water surface elevation predicted by HEC-
RAS for individual river reaches, delineated by river cross sections, and calculate the 
flow rates across the river-floodplain boundaries using a weir equation. Water surface 
water elevation over time predicted by HEC-RAS is used as the flow boundary 
conditions to FloodMap. This study used the latter approach. 
6.2.5 Scenario design for fluvial flood modelling 
Fluvial flood modelling considers flow magnitude derived from frequency analysis 
(Section 6.3.1), projected sea level rise (Section 4.2.4.1) and land subsidence rates 
(Section 4.2.4.2). Three sets of simulations were undertaken, including: (i) sensitivity 
analysis to roughness in the 1D river flow model (HEC-RAS); (ii) return period based 
simulations of 1D river flow (Section 6.3.1); and (iii) 2D fluvial flood inundation 
modelling with combinations of flow magnitude, sea level rise and land subsidence 
projections into 2050s, 2080s and 2100s. 
Baseline flow hydrographs at the upstream boundary of the 1D river flow modelling 
(C.35, C.36, C.37 and S5) were developed based on the 2011 event (Section 2.2). 
Frequency analysis of flow data in the lower Chao Phraya River and flow hydrographs 
designed are described in Section 6.3. The downstream flow boundary is controlled by 
tidal level. The effect of sea level rise on river flow is investigated by establishing the 
correlation between tidal level and river gauging records at the downstream end. Details 
are also presented in Section 6.3. 
The distributed rate of land subsidence from Aobpaet et al. (2013) does not cover the 
entire site. Therefore, a uniform land subsidence rate of 7.1 mm per year (World Bank, 
2009) was applied to places where distributed data is not available (13.8%) and 
distributed rate was applied to the rest (Figure 6.4). 
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Figure 6.4: Land subsidence rate of the fluvial inundation modelling site  
In summary, Table 6.3 shows the designed scenarios used in fluvial flood modelling.  
Table 6.3: Scenario design base on the component of river stage (RS), sea level rise 
(SLR), and land subsidence (LS) (relative to 2011) in 2050, 2080, and 2100  
 
Scenario 
RS RS+SLR RS+LS RS+SLR+LS 
Baseline 
BaseRS / / / 
RS+20% / / / 
RS+40% / / / 
2050 / BaseRS+SLR2050 BaseRS+LS2050 BaseRS+SLR2050+LS2050 
2080 
/ BaseRS+SLR2080 BaseRS+LS2080 BaseRS+SLR2080+LS2080 
/ RS+20%+SLR2080 RS+20%+LS2080 RS+20%+SLR2080+LS2080 
/ RS+40%+SLR2080 RS+40%+LS2080 RS+40%+SLR2080+LS2080 
2100 / BaseRS+SLR2100 BaseRS+LS2100 BaseRS+SLR2100+LS2100 
6.3 Flow Boundary Conditions for the 1D River Flow Modelling 
6.3.1 Upstream flow boundary conditions  
Frequency analysis and flow boundary condition design for the 1D river flow model 
starts with analysing the 2011 event in the context of historical records. Flow data reveal 
that the peak of the 2011 flood event is not the highest in the historical records for all 
gauging stations in the Lower Chao Phraya River Basin (See Appendix G). For 
example, Figure 6.5 presents the historical annual maximum flow at C.2 gauging station 
since 1956. The peak flow for the flood in 2011 (4,684 cms) is below the historical peak 
flood in 2006 (5,960 cms) and 1995 (4,820 cms). The red line indicates flood threshold 
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at the station based on the monitoring criteria for water resource management in the 
Chao Phraya River Basin (RID, 2016).  The blue line indicates the average peak flow 
rate calculated from the available flow data at individual stations.  
 
Figure 6.5: Annual maximum flow (cms) at C.2 station 1956 – 2013   
 
Although peak flow rate is not the highest on record, peak water level records show that 
the maximum water level during the 2011 flood is the highest for all gauging stations. 
Figure 6.6 presents the annual maximum water level for three gauging stations (C.2, 
S.5 and C.4), with a maximum flood level of 26.87 m, 5.9 m and 2.23 m above mean 
sea level in the 2011 event respectively.  
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Figure 6.6: Annual maximum water level (m) at (a) C.2 station 1956 – 2013, (b) S.5 
station 1952 – 2013, and (c) C.4 station 1977 – 2012  
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Frequency of annual maximum flow and water level was analysed using the Log-
Pearson Type III distribution approach (Benson, 1968). The Annual Exceedance 
Probabilities (AEP) of peak discharge (cms) and water level (m) are plotted for stations 
where data are available in Figure 6.7 and Figure 6.8 respectively. AEP curve for peak 
discharge (Figure 6.7) at C.35, C.36 and C.37 should be treated with caution due to 
their short length (Table 6.1). The corresponding return period of the 2011 event for 
individual stations are marked on the graphs. Results agree with the historical records 
shown in Figures 6.7 and 6.8. 
 
 
  
Figure 6.7: Annual Exceedance Probability of annual maximum flow (cms) at (a) C.2 
(1956-2013), (b) C.13 (1952-2013), (c) C.7A (1976-2013), (d) C.35 (2001-2013), (e) 
C.36 (2002-2013), and (f) C.37 (2002-2013) 
(a) 
(c) 
(e) 
(b) 
(d) 
(f) 
RP - 15 years 
RP - 6 years 
RP - 4 years 
RP - 4 years 
RP - 12 years 
RP - 5 years 
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Figure 6.8: Annual Exceedance Probability of annual maximum water level (m) at (a) 
C.2 (1956-2013), (b) C.13 (1952-2013), (c) C.7A (1976-2013), (d) C.35 (1992-2013), 
(e) C.36 (2002-2013), (f) C.37 (2000-2013), (g) S.5 (1952-2013), (h) C.22 (1961-
2011), (i) C.12 (1963-2013) and (j) C.4 (1977-2012)  
(a) (b) 
(c) 
(e) 
(g) 
(i) 
(d) 
(f) 
(h) 
(j) 
RP - 58 years RP - 62 years 
RP - 29 years RP - 20 years 
RP -12 years RP - 14 years 
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RP - 51 years RP - 34 years 
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Table 6.4 and Table 6.5 present the annual maximum peak discharge and water level 
records of the major floods events occurred in the Lower Chao Phraya River Basin on 
record respectively (1983, 1995, 2006, and 2011). Flow rate and water level 
corresponding to 2-, 5-, 10- 20-, 50 and 100-year events are also presented. The return 
period of the 2011 event in each station is then calculated. 
As shown in Figure 6.7, observed flow rate of the 2011 event is not the highest in the 
record. However, peak water level at all stations exceeds historical high (Figure 6.8). 
As a result, the return periods calculated based on peak flow are significantly lower 
than those obtained with peak water level. Moreover, the estimated return period varies 
from station to station. For example, in terms of peak water level, the return period 
varies from 9-year in station C.36 to 129-year in station C.12. 
Table 6.4: Peak discharge recorded on the Lower Chao Phraya River Basin and 
estimated return period using the Log-Pearson Type III distribution 
Station 
Observed peak discharge (cms) Estimated return period (Years) 
RP-2011 
1983 1995 2006 2011 2 5 10 20 50 100 
C.2 2290 4820 5960 4689 2229.8 3267.0 4026.4 4808.4 5904.9 6791.7 18 
C.13 3290 4501 4020 3720 2214.6 3280.2 3903.7 4438.8 5049.7 5455 9 
C.7A 3700 2738 3093 2448 1645.6 2445.8 2983.8 3501.3 4172.8 4678.2 5 
C.35   1704 1998 1273.2 1550.6 1740.4 1927.2 2177.4 2372.4 26 
C.36   959.5 1017.2 779.82 942.85 1029.9 1102.5 1184 1237.9 9 
C.37    278.2 193.71 265.66 313.43 359.34 419.15 464.5 6 
 
Table 6.5: Peak water level recorded on the Lower Chao Phraya River Basin and 
estimated return period using the Log-Pearson 3 distribution 
Station 
Observed peak water level (m) Estimated return period (Years) 
RP-2011 
1983 1995 2006 2011 2 5 10 20 50 100 
C.2 24.40 26.12 26.33 26.87 23.86 25.06 25.69 26.21 26.80 27.19 57 
C.13 16.52 17.32 17.56 17.91 14.12 15.95 16.84 17.53 18.26 18.72 31 
C.7A 7.80 8.28 8.81 9.26 6.60 8.22 8.95 9.48 9.99 10.27 15 
C.35  5.27 5.08 5.92 3.89 4.93 5.37 5.67 5.93 6.06 49 
C.36   6.39 6.54 5.61 6.25 6.59 6.86 7.17 7.37 9 
C.37   5.18 5.51 4.45 5.06 5.41 5.71 6.07 6.31 13 
S.5 4.52 5.00 4.78 5.90 3.37 4.30 4.83 5.26 5.72 6.00 77 
C.12 1.81 2.13 1.90 2.48 1.31 1.65 1.85 2.04 2.26 2.42 129 
C.4 1.59 1.72 1.65 2.23 1.17 1.46 1.66 1.86 2.12 2.32 75 
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Tables 6.4 and 6.5 demonstrate that the calculated frequencies of flow rate and water 
level across the gauging stations in the Lower Chao Phraya River basin are not 
correlated, reflecting the complex hydrological response of the catchment, making 
developing flow scenarios based on return period challenging. Moreover, any flow 
scenarios should also consider future climate change. However, future annual 
maximum flow projection is not available for the Lower Chao Phraya River. Therefore, 
in a similar way to how the UK Environment Agency considers climate change impact 
on river flow, a simple sensitivity-based approach was used to upscale river flow by 
20% and 40% to account for potential climate change impacts. 
6.3.2 Incorporating sea level rise in flow boundary conditions 
Water level at the downstream of the lower Chao Phraya River is controlled by tidal 
level at the river mouth, up to approximately 150 km inland (Engkagul, 1993; Ziegler 
et al., 2012). If a flood peak coincides with high tides, greater impacts may happened 
in the 2011 event. Projected sea level rise (Section 4.2.4.1) is expected to exacerbate 
the situation further. To evaluate the potential impact of a rising sea level on fluvial 
inundation, the downstream flow boundary condition needs to consider sea level rise. 
This section analyses the correlation between tidal level and river gauging records at 
the station located close to the 1D downstream internal flow boundary (i.e. station C.4, 
Table 6.5), in order to incorporate sea level rise into the simulation design. 
The hourly tidal level data are provided at the TD01, HD and PC stations but there are 
no hourly tidal level data available at the downstream internal flow boundary station 
(i.e. C.4 station). However, it was found that C.4 station is located close to HD stations 
(0.7 km apart). Therefore, it is assumed that impacts of tidal level at C.4 and HD stations 
are similar. Then, the correlation between the hourly water levels at the TD01, HD (i.e. 
C.4) and PC stations (Figure 6.1) is investigated using the 2011 records available to the 
study. The water level record at the North Bangkok Power Plant (TD01) station is 
provided by the Electricity Generating Authority of Thailand. Those at the 
Hydrographic Department (HD) station and Pom Phrachun station (PC) are provided 
by the Hydrographic Department, Royal Thai Navy. Hourly water level comparison for 
the whole year and during the 2011 event peak is shown in Figures 6.9 and 6.10 
respectively.  
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The comparison suggests that the river levels at the TD01 and HD (i.e. C.4) stations are 
affected by the tidal level at the sea, and, as expected, the closer to the coast, the greater 
influence exerted by the tidal level. The peak water level at TD01 and HD (i.e. C.4) 
usually occurs two hours after the peak at PC. However, during the peak flood on 30th 
October 2011, the peak at TD01 and HD (i.e. C.4) occurred one hour after the peak at 
PC. The earlier peak in the stations was caused by the flow from the upstream 
catchment. Hourly data are only available for the 2011 event so sea and river level 
interaction for previous events was not examined.  
 
 
Figure 6.9: Comparison of tidal records between (a) North Bangkok Power Plant 
(TD01) and Hydrographic (HD), and (b) North Bangkok Power Plant (TD01) and 
Pom Phrachun stations (PC). 
(a) 
(b) 
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Figure 6.10: Comparison of water level during the peak flood at North Bangkok 
Power Plant (TD01), Hydrographic Department (HD) and Pom Phrachun (PC) 
stations (Figure 6.1) 
To incorporate sea level rise at the 1D model internal boundary condition at C.4, scatter 
plot of the hourly water level between the closet station to C.4, i.e. HD, and the tidal 
level at PC are produced in Figure 6.11, which a correlation can be established. The 
correlation between PC and HD (i.e. C.4) stations allows the projected sea level rise at 
PC to be translated to the 1D river flow model through its internal boundary condition 
at C.4. Table 6.6 presents the projected SLR-related water level increases at the C.4 
station for the three periods considered (i.e. 2050s, 2080s and 2100s).  
 
Figure 6.11: Correlation between water level changes at Pom Phrachun (PC) and 
Hydrographic Department (HD) station   
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Table 6.6: Projection for sea level rise scenario for fluvial flood modelling (Baseline 
year = 2011) 
Changes in SLR 
(m) 
2050 2080 2100 
Low  High 
Worst 
case 
Low  High 
Worst 
case 
Low  High 
Worst 
case 
PC Station 0.18 0.21 0.80 0.31 0.47 1.42 0.39 0.69 1.83 
HD/C.4 Station 0.12 0.14 0.54 0.21 0.31 0.96 0.26 0.46 1.23 
 
6.4 Fluvial Flood Modelling Results and Discussion 
6.4.1 Results and discussion 1: 1D river model sensitivity analysis to 
roughness 
The first set of model simulations aims to examine the 1D model sensitivity to 
roughness using the 2011 event (16th August - 10th December 2011). Due to the lack of 
detailed river geomorphological characteristics, rather than using varying roughness 
values, uniform Manning’s n values ranging between 0.025 and 0.05 are used in the 
model calibration. This range is suited for clean, straight, and full main river channels 
(Chow, 1988). Boundary conditions are detailed in Section 6.2.2 and Table 6.2. 
Recorded time series of stage hydrographs at C.38, C.12, and TD01 (Figure 6.1) were 
used to validate and calibrate the model predictions. 
Figure 6.12 provides a comparison of the simulated and observed stage hydrographs 
for the three stations. Simulations with Manning’s n values of 0.025-0.033 generate 
water level predictions most close to the observations. To assess model performance, 
three evaluation metrics were employed, including Root Mean Square Error or RMSE 
(Singh et al., 2004), Nash-Sutcliffe Efficiency or NSE (Nash and Sutcliffe, 1970), and 
RMSE-observation Standard Deviation Ratio or RSR (Singh et al., 2004). RMSE 
indicates the error in the predictions, compared with the recorded data. RSR is 
calculated as the ratio between the RMSE and the standard deviation of the observed 
data. RMSE and RSR values of zero indicate a perfect model simulation. NSE is 
statistic that evaluates model performance when the observed and simulated data are 
compared and fitted in a line (Moriasi et al., 2007). It indicates the accuracy of the 
simulated discharged versus the mean observed data. NSE is calculated on a 0 to 1 
scale, with 1 indicting perfect fit and 0 least predictive skill. Qualitative ratings of RSR 
and NSE values are summarized in Table 6.7.  
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Daily water level predictions at C.38, C.12 and TD01 and hourly water level predictions 
at TD01 are compared with the observation data. The associated RMSE, NSE, and RSR 
values for the range of roughness values (0.025-0.033) encompassing the observation 
records are presented in Table 6.8, along with their qualitative rating. Overall, a 
roughness value of 0.029 generates the best accuracy statistics. 
 
Figure 6.12: Sensitivity analysis to roughness. Stage hydrographs obtained with 
various roughness values at: (a) C.38, (b) C.12, (C) TD01, and (d) TD01-hourly 
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Figure 6.12 (Continued)  
 
Table 6.7: General performance ratings for evaluation statistics (modified after 
Moriasi et al., 2007) 
Performance Rating RSR NSE 
Very Good 0.00 ≤ RSR ≤ 0.50 0.75 < NSE ≤ 1.00 
Good 0.50 < RSR ≤ 0.60 0.65 < NSE ≤ 0.75 
Satisfactory 0.60 < RSR ≤ 0.70 0.50 < NSE ≤ 0.65 
Unsatisfactory RSR > 0.70 NSE ≤ 0.50 
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Table 6.8: Results of daily water level at C.38, C.12 and TD01 and hourly water level at TD01 based on the evaluation statistics   
  Evaluation Statistics 
 RMSE   NSE  RSR 
Station  C.38 C.12 TD.01 TD.01 HR  C.38 C.12 TD.01 TD.01 HR  C.38 C.12 TD.01 TD.01 HR 
n  116 54 117 2785  116 54 117 2785  116 54 117 2785 
Manning's n = 
0.025 
0.37 0.14 0.23 0.33  0.76 0.8 0.76 0.61  0.49 0.34 0.49 0.62 
     Very Good Very Good  Very Good Satisfactory  Very Good Very Good Very Good Satisfactory 
Manning's n = 
0.028 
0.23 0.47 0.2 0.31  0.91 0.87 0.82 0.66  0.3 0.36 0.43 0.59 
     Very Good Very Good Very Good Good  Very Good Very Good Very Good Good 
Manning's n = 
0.029 
0.22 0.48 0.2 0.31  0.92 0.86 0.82 0.66  0.29 0.38 0.42 0.58 
     Very Good Very Good Very Good Good  Very Good Very Good Very Good Good 
Manning's n = 
0.03 
0.24 0.16 0.2 0.31  0.9 0.84 0.82 0.66  0.31 0.4 0.42 0.58 
     Very Good Very Good Very Good Good  Very Good Very Good Very Good Good 
Manning's n = 
0.031 
0.29 0.17 0.2 0.31  0.86 0.82 0.82 0.65  0.37 0.43 0.43 0.59 
     Very Good Very Good Very Good Good  Very Good Very Good Very Good Good 
Manning's n = 
0.033 
0.42 0.2 0.23 0.33  0.7 0.76 0.77 0.62  0.55 0.49 0.48 0.62 
         Very Good Very Good Very Good Satisfactory   Good Very Good Very Good Satisfactory 
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In addition to modelling the 2011 event using hourly data, unsteady flow analysis was 
also undertaken using the daily flow and stage for water year 2011 and 2010 to calibrate 
the model, with roughness values set at 0.027, 0.028 and 0.029. Figures 6.13 and 6.14 
compare the simulated and observed stage hydrographs for water year 2011 and 2010 
respectively. The NSE and RSR values for the simulations with different roughness 
values in the water year 2011 at C.38 and TD01 are very close. Model sensitivity to 
roughness gradually manifests with the increase of flow magnitude, with greater 
variations observed at the flow peaks during the flood season. This is especially true 
for C.38 where peak flow lasted for 9 days (Figure 6.13a). Using daily flow data for the 
whole water year, the timing and duration of the peak are not predicted well at C.38 for 
the water year 2011. However, the overall NSE and RSR are 0.9 and 0.32 respectively, 
indicating ‘very good’ predictions according to qualitative measures (Table 6.7). At 
TD01, accuracy statistics are notably improved. Both the timing and magnitude of the 
peak stage are well reproduced (NSE=0.92 and RSR=0.27). For water year 2010 
(Figure 6.14), timing and magnitude of peak flow predictions at C.38 (Figure 6.14a) 
are satisfactory (NSF>=0.95 and RSR<=0.21). However, at lower flows, there is an 
overall underestimation. At station TD01, observations are missing for the first half of 
the year. The NSE and RSR values are less satisfactory (NSE<=0.79 and RSR>=0.45) 
for water year 2010, due to the spikes in the observation data. 
Previous simulations using the hourly inputs shows that an n value of 0.029 produces 
results most closely to observation (Figure 6.12 and Table 6.8) when RMSE, NSE and 
RSR are considered. However, if peak water level prediction is of the most interest, 
simulations with roughness values of 0.028 and 0.026 generate the best predictions in 
the water year 2011 and 2010 respectively, although the difference between peak water 
level predications is less than 3 cm. 
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Figure 6.13: Stage hydrographs at: (a) C.38 and (b) TD01, simulated using the daily 
flow data for water year 2011 (1st April 2011 – 31st March 2012)  
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Figure 6.14:  Stage hydrographs at: (a) C.38 and (b) TD01, simulated using the daily 
flow data for water year 2010 (1st April 2010 – 31st March 2011) 
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6.4.2 Results and discussion 2: 1D river flow modelling 
The previous section evaluated the effect of roughness on river flow predictions and 
calibrated the model based on observed water levels. The results indicate that the model 
is sensitive to roughness specification and by varying the roughness values, the model 
is able to reproduce the timing and magnitude of the peak flow satisfactorily, especially 
with the hourly flow data as inputs. This section describes the approach used to develop 
the flow scenarios used at the upstream (C.35, C.36, C.37, S.4) and internal (C.4) flow 
boundaries, as well as the results obtained. 
Methods employed in the development of flood hydrographs are based on the historical 
flood events that occurred in the study site. There are four components to be considered 
for the design of a flood hydrograph, including the base flow, the peak discharge, and 
the durations of the rising and receding limbs. Historical records of the flood events at 
C.35, C.36, C.37, S.5 and C.4 were examined (see full details in Appendix G). Figure 
6.15 presents the daily flows at C.36 for the water years in which a flood occurred. It 
shows that the characteristics of each flood events are different. In particular, the 2011 
flood started earlier and lasted longer than previous events which explains why the 2011 
event was the most devastating one on record. The observed time before peak (Tb) and 
recession duration (Tr) are summarized in Table 6.9. 
  
Figure 6.15: Annual daily flow records at C.36 station for the flood events occurred in 
the water year 2002, 2006, 2010, and 2011. Dotted line indicates the flood threshold 
level. 
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Table 6.9: Observed time before peak (Tb) and observed recession time (Tr) 
Station 
Observed Time Before Peak (Days) 
Average 
2002 2006 2010 2011 
C.35  29 10 48 29 
C.36 28 33 56 69 47 
C.37 20  42 53 38 
S.5   6 20 13 
Average Tb to use in the Design Hydrograph 32 
 
Station 
Observed Recession Time (Days) 
Average 
2002 2006 2010 2011 
C.35  32 9 40 27 
C.36 54 49 21 52 44 
C.37 51  15 46 37 
S.5   5 28 17 
Average Tr to use in the Design Hydrograph 31 
 
The upstream flow boundary conditions are specified at four stations (C.35, C.36, C.37 
and S.5, Figure 6.1). Whilst flows at C.35, C.36 and C.37 often synchronise in timing 
and magnitude as they are in the same catchment, timing and magnitude of flow at S.5 
may be different to the rest of stations as flow comes from a different catchment. In this 
study, flood hydrographs were generated assuming that peak flows occur at the same 
time for the four stations (as in the 2006 and 2010 events). Durations of the rising and 
receding limbs are obtained by averaging the values at all four stations for all events 
(Table 6.9). The base flow and stage at each station are specified as the monitoring 
threshold for water resource management in the Chao Phraya River Basin (RID, 2016). 
Baseline peak flow and stage at each station use the 2011 event peak value. Peak flow 
and stage at each station were then increased by 10%, 20%, 30%, and 40% and 
decreased by 10% and 20% to account for potential impacts of climate change and 
variability on flow magnitude. The base flow, baseline peak flow and stage, and 
projections of peak flow and stage employed in the HEC-RAS simulation are presented 
in Table 6.10. Figure 6.16 shows the designed hydrographs at the upstream (C.35, C.36, 
C.37 and S.5) and internal flow boundary stations (C.4). 
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Figure 6.16: Design flood hydrographs for different scenarios based on the historical 
flood events in the Chao Phraya River Basin at (a) C.35, (b) C.36, (c) C.37, (d) S.5 
and (e) C.4 stations. Dotted line is the baseline scenario. 
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Table 6.10: Summary of river base flow, baseline (BS) peak flow and stage, and the 
projected peak flow and stage for 1D river flow modelling 
Station 
Baseline 
peak flow 
Peak Flow/Water Level of the Design Hydrograph 
Base (BS) BS+10% BS +20% BS +30% BS +40% BS -10% BS -20% 
Peak Flow (m
3
/s)               
C.35 400 1155 1270.5 1386 1501.5 1617 1039.5 924 
C.36 170 400 440 480 520 560 360 320 
C.37 40 134 147.4 160.8 174.2 187.6 120.6 107.2 
S.5 340 1400 1540 1680 1820 1960 1260 1120 
Peak Level (m)         
C.4  0.5 1.65 1.82 1.98 2.15 2.31 1.49 1.32 
 
• Effects of increasing flow magnitude 
Simulated water level time series at C.38, C.22 and TD01 stations are shown in Figure 
6.17. Table 6.11 presents the summary of peak water level, peak flow, and total volume 
for different flow scenarios. Table 6.12 summarises the percentage changes in peak 
stage, peak flow and flood volume, comparing with the baseline simulation. Whilst 
changes in maximum flow and total water volume are similar for all stations, changes 
in peak water level vary from station to station. In particular, C.38 is slightly more 
responsive than C.22 and TD.01. 
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Figure 6.17: Predicted times series of water level at: (a) C.38, (b) C.22 and (d) TD01 
stations 
 
Table 6.11: Maximum stage, maximum flow and total volume of floods for different 
scenarios of model simulation in the study site 
Station  
Scenarios 
Base (BS) BS +10% BS +20% BS +30% BS +40% BS -10% BS -20% 
Maximum water level (m) 
  
  
  
  
  
  
C.38 2.49 2.77 3.05 3.34 3.61 2.21 1.92 
C.22 2.12 2.36 2.59 2.83 3.07 1.89 1.65 
TD.01 1.9 2.11 2.31 2.52 2.72 1.7 1.49 
Maximum Flow (m3/s) 
  
  
  
  
  
  
C.38 3083 3390 3700 4006 4315 2775 2466 
C.22 3082 3388 3698 4004 4312 2774 2465 
TD.01 3082 3387 3698 4003 4311 2773 2465 
Total Volume (Mm3)      
C.38 10015.31 10714.82 11414.33 12113.93 12813.31 9315.79 8616.26 
C.22 10015.26 10714.78 11414.29 12113.90 12813.26 9315.77 8616.23 
TD.01 10015.23 10714.75 11414.26 12113.87 12813.21 9315.75 8616.21 
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Table 6.12: Comparison of changes in maximum water level, maximum flow and total 
volume for different scenarios with reference to baseline scenarios (BS)  
Station 
Scenarios 
BS +10% BS +20% BS +30% BS +40% BS -10% BS -20% 
Change of Maximum water level 
C.38 11.2% 22.5% 34.1% 45.0% -11.2% -22.9% 
 (28 cm) (56 cm) (85 cm) (112 cm) (-28 cm) (-57 cm) 
C.22 11.3% 22.2% 33.5% 44.8% -10.8% -22.2% 
 (24 cm) (47 cm) (71 cm) (95 cm) (-23 cm) (-47 cm) 
TD.01 11.1% 21.6% 32.6% 43.2% -10.5% -21.6% 
 (21 cm) (41 cm) (62 cm) (82 cm) (-20 cm) (-41 cm) 
Change of Maximum flow 
C.38 9.9% 20.0% 29.9% 39.9% -10.0% -20.0% 
C.22 9.9% 20.0% 29.9% 39.9% -10.0% -20.0% 
TD.01 9.9% 20.0% 29.9% 39.9% -10.0% -20.0% 
Change of Total Volume 
C.38 7.0% 14.0% 21.0% 27.9% -7.0% -14.0% 
C.22 7.0% 14.0% 21.0% 27.9% -7.0% -14.0% 
TD.01 7.0% 14.0% 21.0% 27.9% -7.0% -14.0% 
 
• Effects of SLR 
To incorporate sea level rise, the projected SLR rates (Table 6.6) are added onto the 
water level scenarios at the model internal boundary (i.e. C.4 station). Figure 6.18 
presents the design stage hydrographs at the C.4 station with SLR incorporated. 
The maximum water levels obtained from the scenarios with increased river flow and 
sea level rise including the percentage and absolute changes from the baseline scenario 
are presented in Table 6.13.  
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Figure 6.18: Design flood hydrographs for sea level rise scenarios at C.4 station 
 
  
Figure 6.19: Time series of water level obtained from the combined river flow and sea 
level rise scenarios: (a) C.38, (b) C.22 and (c) TD01 stations 
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Table 6.13: Maximum water level (m) and changes in water level (cm) obtained from 
the simulations with increased river flow and sea level rise scenarios  
Station  
Maximum water level (m) and Change of Maximum water level (cm) 
 Baseline SLR-2050-H SLR-2080-H SLR-2100-H 
Baseline Event         
C.38 2.49 2.6 2.74 2.86 
  4.4% (11 cm) 10.0% (25 cm) 14.9% (37 cm) 
C.22 2.12 2.24 2.4 2.53 
  5.7% (12 cm) 13.2% (28 cm) 19.3% (41 cm) 
TD.01 1.9 2.03 2.19 2.33 
  6.8% (13 cm) 15.3% (29 cm) 22.6% (43 cm) 
Baseline Event 
+20% 
        
C.38 3.05 3.16 3.29 3.41 
 22.5% (56 cm) 26.9% (67 cm) 32.1% (80 cm) 36.9% (92 cm) 
C.22 2.59 2.71 2.86 2.99 
 22.2% (47 cm) 27.8% (59 cm) 34.9% (74 cm) 41.0% (87 cm) 
TD.01 2.31 2.44 2.6 2.74 
 21.6% (41 cm) 28.4% (54 cm) 36.8% (70 cm) 44.2% (84 cm) 
Baseline Event 
+40% 
        
C.38 3.61 3.72 3.84 3.96 
 45.0% (112 cm) 49.4% (123 cm) 54.2% (135 cm) 59.0% (147 cm) 
C.22 3.07 3.19 3.33 3.46 
 44.8% (95 cm) 50.5% (107 cm) 57.1% (121 cm) 63.2% (134 cm) 
TD.01 2.72 2.85 3.01 3.15 
 43.2% (82 cm) 50.0% (95 cm) 58.4% (111 cm) 65.8% (125 cm) 
6.4.3 Results and discussion 3: 2D inundation modelling 
• Impact on maximum inundation area and depth 
Figure 6.20 presents the time series of inundation extents obtained from the design 
simulations with the baseline flow, and projected sea level rise and land subsidence into 
2050, 2080 and 2100 (Section 6.2.5) in the inundation modelling site. The figure shows 
that the impact of SLR on total flood extent is much more pronounced than that of land 
subsidence. This is not surprising given the relative magnitude of SLR and land 
subsidence. Moreover, when land subsidence is considered alone in 2050, the baseline 
flow scenario generates greater inundation extent. A close inspection suggests that this 
is due to the high subsidence rate along the vicinity of the river bank, compared to the 
inland areas. With increased flood magnitude associated with SLR, the negative 
impacts of land subsidence start to manifest. 
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The combined impacts of sea level rise and land subsidence in 2050, 2080, and 2100 
with increased flow rates (+20% and +40%) are shown in Figure 6.21. Maximum flood 
depths obtained from the baseline event, and the combined SLR and LS scenarios for 
2050, 2080 and 2100 are presented in Figure 6.23. 
In terms of depth comparison for different scenarios, building locations were chosen to 
extract depth temporal profiles for various simulations. Figure 6.24 shows the sampling 
point locations established in the study site, including: Wat Tamnak Tai School (SC49), 
Phra Nangklao Hospital (HOS08), and Bang Si Muang Municipal Office (G17). Depth 
profiles generally agree with the pattern seen in the total inundated area profiles 
(Figures 6.20 and 6.21). However, there are spatial and temporal variations. For 
example, results indicate that the scenario with a 40% increase in river flow and 
projected SLR results in the highest depth of flood water during peak flooding at SC49 
and G17. However, the maximum depth at HOS08 obtained from the scenario with the 
same flow and SLR projections, but incorporating land subsidence, results in low water 
depth during flood peak. This reflects the spatial heterogeneity of land subsidence rate, 
which may lead to changes in flow direction, resulting in the variations of flood depths 
at each location over time. Table 6.14 summaries the maximum flood extent and the 
average maximum flood depth at the end of the simulation for all scenarios. 
 
Figure 6.20: Impacts of sea level rise and land subsidence on total inundation extent 
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Figure 6.21: Combined impacts of increased river flow and (a) sea level rise (b) land 
subsidence and (c) sea level rise and land subsidence scenario projections for 2080 
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Figure 6.22: Prediction of maximum inundation extent of simulation from (a) baseline 
scenario and the projection of sea level rise and land subsidence in (b) 2050, (c) 2080 
and (d) 2100  
(a) Baseline (b) SLR2050 + LS2050 
(d) SLR2100 + LS2100 (c) SLR2080 + LS2080 
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Figure 6.23: Prediction of maximum inundation extent of simulation from (a) 20% 
increase in river flow, (b) 20% increase of river flow with sea level rise and land 
subsidence in 2080, (c) 40% increase in river flow, and (d) 40% increase of river flow 
with sea level rise and land subsidence in 2080 
 
(c) Baseflow+40% 
(a) Baseflow+20%  (b) Baseflow+20% + SLR2080 + LS2080 
(d) Baseflow+40% + SLR2080 + LS2080 
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Figure 6.24: Sample points and time series of water depths for the combined impact 
of increased river flow, sea level rise and land subsidence scenarios at (a) Wat 
Tamnak Tai School (b) Phra Nangklao Hospital (c) Bang Si Mueang Municipal 
Office 
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Table 6.14: Maximum flood area and average maximum depth at the end of the simulation for each scenario 
Scenario 
2011   2050   2080   2100   
Maximum 
flood area 
(km2) 
% change 
from 
baseline 
Average 
maximum 
depth (m) 
Maximum 
flood area 
(km2) 
% change 
from 2011 
Average 
maximum 
depth (m) 
Maximum 
flood area 
(km2) 
% change 
from 2011 
Average 
maximum 
depth (m) 
Maximum 
flood area 
(km2) 
% change 
from 2011 
Average 
maximum 
depth (m) 
BASE FLOW 13.0  0.64 - - - - - - - - - 
BASE FLOW + 20% 28.1 115.4% 0.80 - - - - - - - - - 
BASE FLOW + 40% 51.2 292.8% 1.04 - - - - - - - - - 
SLR - - - 15.4 18.5% 0.70 18.8 44.3% 0.75 25.3 94.1% 0.75 
LS - - - 12.6 -3.6% 0.59 12.5 -4.1% 0.58 12.5 -4.2% 0.58 
SLR + LS - - - 15.2 16.4% 0.66 19.2 47.3% 0.71 26.2 101.2% 0.70 
SLR + BS+20% - - - - - - 44.2 239.0% 0.89 - - - 
SLR + BS+40% - - - - - - 54.6 319.3% 1.28 - - - 
LS+ BS+20% - - - - - - 27.9 114.5% 0.71 - - - 
LS+ BS+40% - - - - - - 51.3 293.9% 1.04 - - - 
SLR +LS+ BS+20% - - - - - - 46.2 255.0% 0.85 - - - 
SLR +LS+ BS+40% - - - - - - 54.5 318.3% 1.28 - - - 
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• Impacts on building and infrastructure, land use and road 
Further analysis was undertaken to evaluate the impacts of fluvial flood inundation on 
building, infrastructure, land use, and the transportation network. Data employed in the 
analysis were derived from the Department of Public Works and Town and Country 
Planning, Ministry of the Interior (2014) and the Ministry of Transport (2010). The 
processing and classification of these datasets are described in Section 3.5.2. 
Figure 6.25 presents the flood hazard map associated with a 20% increase in river flow, 
projected SLR and land subsidence rate for 2080. In this scenario, the maximum water 
level reached on the floodplain is 0.64 m higher than the baseline event. Depths are 
classified into five categories as detailed in Section 4.5 (ankle height depth, 0.0 to  0.1 
m;  knee height depth, 0.1 to 0.5m; waist height depth, 0.5 to 1.0 m; depth level that 
people live in one-story house have to evacuate, 1.0 to 2.0 m; and depth level that all 
people have to evacuate, higher than 2.0 m). The majority of the critical infrastructure 
will be under water of various depth. Flood hazard maps for all scenarios in the fluvial 
flood study site are contained in Appendix H. Table 6.15 summaries the total number 
of building, land use, and roads affected. A flood depth threshold of 10 cm was used to 
identify building and critical infrastructure nodes at risk. The affected land use and road 
network were identified with the overall flood inundation extent. For the scenario in 
Figure 6.25 (2080 Scenario-SLR+LS+BS+20%), the total number of affected building 
is 55,898 buildings, including 48,865 residential houses and buildings, 5,105 
productivity and commercial buildings, and 1,898 critical infrastructure buildings. 
Total affected agricultural land use is 12 km2 (80.8%) while the total affected road 
network is 486 km (77.9%). In general, results mirror the inundation extent and water 
depth profiles. With increased flow, the impact of flooding is expected to result in more 
infrastructure being flooded. The impact will be further exacerbated when SLR and 
land subsidence are taken into account. Detailed statistics of the affected buildings, 
infrastructure nodes, land use, and road networks are contained in Appendix I.  
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Figure 6.25: Flood hazard map based on the 20% increase in river flow and the projection of sea level rise and land subsidence in 2080 
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Table 6.15: Summary of affected building, land use, and roads for different scenarios  
Scenario 
Building and Infrastructure (Unit: Building) 
Total 
% of total 
affected 
buildings 
Landuse % of total 
affected land 
use 
Road 
% of total 
affected roads Residence 
Productivity 
and commerce 
Critical 
infrastructure 
Agriculture 
(km2) 
(km) 
Total 55,155 6,114 2,098 63,367 100.0% 14.8 100.0% 624.0 100.0% 
2011-Baseline 9,894 714 1,044 11,652 18.4% 4.3 29.0% 71.5 11.5% 
Increased Flow          
BS + 20% 26,206 2,391 1,569 30,166 47.6% 8.6 57.9% 230.7 37.0% 
BS + 40% 51,408 5,608 2,012 59,028 93.2% 13.5 91.4% 549.0 88.0% 
2050 Scenario          
SLR 13,401 1,230 1,213 15,844 25.0% 4.5 30.5% 101.6 16.3% 
LS 9,736 668 991 11,395 18.0% 4.0 27.0% 66.3 10.6% 
SLR+LS 13,198 1,172 1,174 15,544 24.5% 4.4 29.5% 98.0 15.7% 
2080 Scenario          
SLR 17,202 1,683 1,355 20,240 31.9% 5.3 35.9% 135.7 21.8% 
LS 9,875 571 949 11,395 18.0% 3.9 26.3% 66.3 10.6% 
SLR+LS 17,792 1,653 1,315 20,760 32.8% 5.3 35.9% 135.4 21.7% 
SLR+ BS+20% 44,506 4,675 1,882 51,063 80.6% 12.3 83.0% 448.9 71.9% 
SLR+ BS+40% 53,427 5,934 2,076 61,437 97.0% 14.4 97.6% 599.4 96.1% 
LS+ BS+20% 28,203 2,493 1,531 32,227 50.9% 7.5 51.0% 235.5 37.7% 
LS+ BS+40% 51,655 5,705 2,040 59,400 93.7% 13.3 90.1% 554.2 88.8% 
SLR+LS+ BS+20% 48,865 5,105 1,898 55,868 88.2% 12.0 80.8% 486.0 77.9% 
SLR+LS+ BS+40% 53,805 5,961 2,078 61,844 97.6% 14.3 96.6% 599.3 96.0% 
2100 Scenario          
SLR 23,522 2,204 1,526 27,252 43.0% 7.6 51.5% 195.0 31.2% 
LS 10,028 560 948 11,536 18.2% 3.8 25.8% 67.3 10.8% 
SLR+LS 25,841 2,325 1,474 29,640 46.8% 7.2 48.6% 210.4 33.7% 
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6.4.4 Wider cascading impacts of the 2011 event 
Thai flooding in 2011 is one of flood events that cuased devastasting impacts. The 2011 
Thai flood lasted for two months, and the World Bank estimated the ecomomic lost at $45.7 
billion (Aon Benfield, 2012). Future flood risks on the physical environment were 
investigated in the previous section. Further implication of future flooding impacts on 
economic sectors could be evaluated from statistics about economic activities. It may 
reveal the wider economic impacts of flooding in 2011. Rinaldi et al. (2001) indicated that 
“a cascading failure” occurs when a disruption in one infrastructure causes the failure of a 
component in a second infrastructure, which subsequently causes a disruption in the second 
infrastructure. In the field of supply chain analysis, “cascading impacts” can be defined as 
“the toppling domino effect or the snowball effect, where one thing leads to another” 
(Haavisto et al., 2013). For instance, the failure of an electric power generating system can 
result from an incident or a natural event such as an earthquake, hurricane, or flood. This 
event could lead to a power outage in the area and may result in adverse effects on other 
infrastructures (Rinaldi et al., 2001). 
Thailand’s 2011 floods also caused disruption to the country’s economy and international 
trade, especially for the automobile and hard-disk drive manufacturers. The car assembly 
operations in the Toyota, Honda, Ford and Isuzu factories were disrupted by the flood. 
These led to worldwide impacts because of the country’s role as the regional automotive 
hub. Moreover, flooding occurred in the SeaGate Technology and Western Digital Corp 
sites created the shortage of hard-disk drives on the global scale (Haavisto et al., 2013; 
Levermann, 2013). Therefore, the cascading impacts of the 2011 flood is examined in this 
section using annual commodity export statistics before, during and after the event. 
The wider impacts of the Thailand 2011 flood were identified for four commodity groups, 
including: 1) motor cars, parts and accessories; 2) electronic machines; 3) Jasmine rice; 
and 4) shrimp, prawn and lobster. The datasets were obtained from the Department of 
International Trade Promotion, Ministry of Commerce, Thailand. The export statistics of 
the top 20 highest destinations during 2003 and early 2014 are presented in Figures 6.26 to 
6.29. 
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The major destination country for each commodity is coloured in blue. Figure 6.26 
demonstrates the immediate impacts of the 2011 flood on the export of motor cars, parts 
and accessories during 2011. The decrease of export value in 2011 occurred for many 
destinations, including Chile, Eygpt, Saudi Arabia, Oman, Malaysia, Australia, New 
Zealand and Philippines . There was a further reduction of export value for Vietnam in 
2012. However, the value of export car parts to Japan rapidly increased in 2012 due to the 
impact of 2011 Japanese Earthquake and Tsunami. 
Figure 6.27 shows a drop of export value for electronic machines for most of the 
destinations during 2011, including: the United States, United Kingdom, Germany, Czech 
Republic, Hungary, United Arab Emirates, Singapore, Japan, China and South Korea. The 
trend continued for exports to Asian countries (e.g. China, Japan, Taiwan and Singapore) 
in 2012 but recovered for other destinations. 
Figure 6.28 illustrates the effects of the 2011 flood on the export of Jasmine rice. Although 
the exported value of Jasmine rice in some countries did not fall during 2011, many 
counties recorded a notable decline in Jasmine rice imports from Thailand. Compared with 
the motor and electronic industries (Figure 6.26 and Figure 6.27), there is a lag in the 
impacts of the 2011 event on the export of Jasmine rice. The impacts of flooding occurred 
one year after the event for many destinations and there is a notable reduction in 2012 for 
most countries, including Canada, United Kingdom, France, Netherlands, Ghana, Gabon, 
Australia, and Singapore. For many of these countries, the trend continued well into 2014. 
Figure 6.29 shows that the export value of shrimp, prawn, and lobster in 2011 was affected 
for some counties, but there was a notable reduction of exports to China, United States, 
and Japan, with the latter two counties accounting for most of the export in this category. 
The trend also continued for many counties including the United States, Japan, Belgium, 
Spain, Taiwan and Canada, into 2014, indicating that the 2011 event had long lasting 
impacts on marine food production and export. 
The results of this study show that the 2011 Thailand flood had wider impacts beyond the 
immediate Bangkok region, affecting in particular the export of motor cars, parts and 
accessories and electronic machines during 2011. The 2011 event also affected the 
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production of food including Jasmine rice and sea food and had longer impacts. These 
findings match those observed in earlier studies (Haavisto et al., 2013; Levermann, 2013). 
Although the impacts on the Jasmine rice trade are not immediate for some countries, the 
statistics reveal that the effects occurred in 2012 and lasted into 2014 for many countries. 
There was no notable decrease in the export value of shrimp, prawn and lobster during and 
after the 2011 floods. It was reported that, although the quantity of  shrimp exported 
decreased in 2011 because of the flood in the Southern and Central regions of Thailand, 
the total export values increased due to the rising price of sea food (Thai Frozen Foods 
Association, 2012). Therefore, the trends identified in the statistics need to be interpreted 
with caution because the 2011 flooding may not be the sole factor determining the level of 
export in international trading.  
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Figure 6.26: Top 20 major destinations for motor cars, parts and accessories during 2003-2014 (Data source: Information and Communication 
Technology Center with cooperation of the Customs Department) 
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Figure 6.27: Top 20 major destinations for electronic machines during 2003-2014 (Data source: Information and Communication Technology 
Center with cooperation of the Customs Department) 
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Figure 6.28: Top 20 major destinations for jasmine rice during 2003-2014 (Data source: Information and Communication Technology Center 
with cooperation of the Customs Department) 
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Figure 6.29: Top 20 major destinations for shrimp, prawn and lobster during 2003-2014 (Data source: Information and Communication 
Technology Center with cooperation of the Customs Department) 
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6.5 Conclusions 
This chapter evaluated the present and future impacts of increasing river flow, sea level 
rise and land subsidence on the fluvial flood risks in Nonthaburi Province, located in 
the northern part of the Bangkok Metropolitan Region (BMR). The stage hydrographs 
for different scenarios were obtained using a one-dimensional river flow model (HEC-
RAS). These were used as inputs in a two-dimensional flood inundation model 
(FloodMap) to derive fluvial flood inundation. The individual and combined impacts 
of increasing river flow, sea level rise and land subsidence, including the existing flood 
defences were taken into account. The baseline scenario design based on the historical 
flood events occurred in the Lower Chao Phraya River basin. The sensitivity analysis 
was conducted to examine the impacts of roughness coefficient of the river channel on 
the model predictions. Results indicate that the model is sensitive to the roughness 
specification. The flood events occurred in 2010 and 2011 were used in model 
validation and calibration. Sea level rise and land subsidence scenarios were projected 
for 2050, 2080, and 2100 in a similar way as in Chapter 3 and Chapter 4.   
Maximum inundation area and water depth were evaluated for the various scenarios. 
The impacts of flooding on buildings, land use, and transportation networks were also 
estimated. Flood hazard maps were generated, which identified critical infrastructure 
nodes at risk. Results suggest progressively increased risks of fluvial flooding to 
important infrastructure. This chapter contributes towards a better understanding of 
climate and human-related impacts on fluvial flood risks in the Bangkok Metropolitan 
Region. 
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CHAPTER 7 
 
Conclusions and Future Work 
 
The overarching aim of this study was to evaluate the impacts of key driving factors on 
present and future flood risks in the Bangkok Metropolitan Region. The background of 
the study was introduced in Chapter 1. Chapter 2 reviewed the literature, including 
flooding in general, key drivers of flood risks in the region, flood risk management, and 
flood inundation modelling. An overview of the study site, modelling approaches, risk 
analysis methods, and data requirements and availability was provided in Chapter 3. 
Scenarios of future flood risks were designed, with various combinations of future sea 
level rise, storm surge, land subsidence, and precipitation projections based on 
historical records, published studies and sensitivity-based approaches. The 
development, validation and application of the modelling were consequently 
undertaken for three types of flooding, including: coastal flood modelling (Chapter 4), 
surface water flood modelling (Chapter 5) and fluvial flood modelling (Chapter 6).  
This chapter provides: (i) an overview of the research significance in the broad context 
of flood risks in Bangkok; (ii) summary of key findings from three types of flood 
modelling; (iii) highlights of key novelties achieved in the three main chapters; (iv) 
providing an information for the administration and stakeholders involved in flood risk 
management; and (v) an evaluation of areas where improvements could be made to 
address the challenges and limitations identified in the modelling and risk analysis 
process. Each section concludes with some suggestions for further research. 
7.1 Overview of the Research Context and Significance 
This research recognized that there is a lack of understanding on future flood risks in 
the Bangkok Metropolitan Region where the combined impacts of key risk drivers are 
expected to exceed those of individual drivers. Key risk drivers considered in this study 
include both climate-related processes (e.g. sea level rise and storm surge), and human-
induced processes (e.g. land subsidence).  
Chapter 7 Conclusions and Future Work 
 
 
 
232 
The challenges of considering all the key drivers in a modelling framework of future 
flood risks are related to: (i) the availability of future projections for some drivers; and 
(ii) the uncertainties inherent in future projections even when they exist. For example, 
although there are a few studies that have looked at historical sea level rise in the region, 
there are no authoritative national and local projections of how sea level rise will evolve 
for Bangkok (Vongvisesssomjai et al., 1996; World Bank, 2009; Supharatid and 
Wichaimekphat , 2008; Trisirisatayawong et al., 2011).  
Similarly, in relation to surface water flood risks, despite the perceived increase of more 
intense rainfall episodes in recent years, the overall pattern of historical daily rainfall 
records suggests a slightly decreasing trend in total daily rainfall. The lack of long 
records of sub-hourly precipitation data precludes the analysis of historical and 
projection of future intense rainfall events which generate surface water flooding.  
Similar issues exist in relation to land subsidence records that are typically short and 
incomplete. Recent studies have shed light on the spatial heterogeneity of land 
subsidence in the Bangkok region using InSAR technology, providing a detailed picture 
of land subsidence over much of the city area. However, future projections of land 
subsidence are not available. Given the challenges in the treatment of future projections, 
various approaches were applied to the different drivers in order to meet the data 
requirements for the individual types of flooding investigated. 
Despite the challenges, there have been positive developments in both data provision 
and modelling approaches. In particular, the availability of high-resolution topographic 
data for some parts of the city, satellite observations and crowd-sourced data for recent 
flood events for Bangkok, have unlocked the possibility of high resolution, two-
dimensional flood modelling. Flow records at a number of gauging stations in the Chao 
Phraya River, rainfall measurements in the city area and tidal level records at the coast 
all provided input data for numerical modelling of flooding. Moreover, the provision 
of a distributed land subsidence dataset for 2005-2010 (Aobpaet et al., 2013) allowed 
the generation of plausible projections of land subsidence that account for spatial 
heterogeneity.  
This study utilized the datasets and modelling techniques that are available and 
addressed the challenges by developing approaches to evaluate future flood risks and 
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vulnerability in the Bangkok Metropolitan Region. In doing so, flood risks were 
analysed for the three types of flooding, in representative sites where data are available. 
Quantitative information from individual chapters is collated in Table 7.1, using 
buildings (residential/commercial/critical infrastructure nodes) as examples and the 
following sections will refer to the table to present the headline findings. The following 
sections review the key findings from the modelling of each type of flooding, identify 
the limitations in the approaches, and outline the scope for future research development. 
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Table 7.1: Summary of affected building from the key factors contributed to coastal, surface water and fluvial flooding  
Scenario 
Coastal flood (East) Coastal flood (West) Surface water flood Fluvial flood 
Total % affected Total % affected Total % affected Total % affected 
Total Building 213,780 100.00% 158,145 100.00% 48,387 100.00% 63,367 100.00% 
2011-Baseline  3,219 1.50% 3,401 2.10% 1,755 3.63% 11,652 18.40% 
2050-Scenario         
SLR-High 8,440 3.90% 5,265 3.30% - - 15,844 25.00% 
LS-High 11,491 5.40% 5,931 3.80% - - - - 
LS-Distributed 21,189 9.90% - - 1,699 3.51% 11,395 18.00% 
SLR-High+LS-High 73,250 34.30% 46,916 29.70% - - - - 
SLR-High+LS-Distributed 27,741 13.00% - - - - 15,544 24.50% 
Rainfall RT-100yr + LS-Distributed - - - - 2,715 5.61% - - 
2080-Scenario         
SLR-High 20,593 9.60% 7,743 4.90% - - 20,240 31.90% 
LS-High 21,577 10.10% 7,972 5.00% - - - - 
LS-Distributed 31,455 14.70% - - 1,703 3.52% 11,395 18.00% 
SLR-High+LS-High 124,582 58.30% 82,402 52.10% - - - - 
SLR-High+LS-Distributed 57,977 27.10% - - - - 20,760 32.80% 
Rainfall RT-100yr + LS-Distributed - - - - 2,671 5.52% - - 
Increased Flow 20% + SLR+ LS - - - - - - 55,868 88.20% 
2100-Scenario         
SLR-High 29,431 13.80% 10,885 6.90% - - 27,252 43.00% 
LS-High 27,174 12.70% 9,950 6.30% - - - - 
LS-Distributed 46,234 21.60% - - 1,684 3.48% 11,536 18.20% 
SLR-High+LS-High 149,208 69.80% 105,331 66.60% - - - - 
SLR-High+LS-Distributed 76,429 35.80% - - - - 29,640 46.80% 
Rainfall RT-100yr + LS-Distributed - - - - 2,646 5.47% - - 
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7.2 Summary of Key Findings 
7.2.1 Coastal flood modelling and risk analysis 
Future coastal flood modelling and risk analysis were made possible by the availability 
of high-resolution topographic data obtained from LiDAR, detailed information about 
flood defences, distributed land subsidence and availability of vulnerability layers 
including buildings, roads, different land uses and infrastructure nodes.  
In terms of sensitivity analysis and parameterisation, model calibration using various 
roughness values and spatial resolutions show that the model is sensitive to spatial 
resolution and roughness. The accuracy statistics evaluated the model performance and 
demonstrated that coarser mesh resolution is related to a reduction in model accuracy, 
with the F statistic reducing from 88% to 78% when resolution is reduced from 50 m 
to 10 m in the baseline simulation in the eastern site (Table 4.6). This is due to the 
smoothing effect of a coarser resolution topography. The simulations with the 
combinations of Manning’s n values and different resolution show that increased n 
values are associated with decreased inundated areas for all resolutions. The model is 
more sensitive to roughness in terms of total inundation extent when the mesh 
resolution is coarsened.   
Moreover, coastal flood modelling reveals both the relative and combined impacts of 
sea level rise and land subsidence. With the low-rate (1.2 mm/year) scenarios (uniform 
land subsidence), the impact of sea level rise was found to be greater than that of land 
subsidence for the three periods considered. However, for the high-rate (7.1 mm/year) 
land subsidence and SLR scenarios, the impacts of individual drivers on flood risks 
become rather close due to their similar magnitudes. In the worst case scenarios, the 
impacts are significantly magnified for both drivers individually but land subsidence 
has a slightly greater impact (e.g. 446% v.s. 353% increase of inundated area in the 
eastern site from baseline for land subsidence compared to sea level rise). The 
combined impact of low-rate SLR and land subsidence in some cases approaches the 
high-rate scenario of individual drivers.  
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The use of distributed land subsidence in the eastern site further revealed that the 
absolute changes of depth increase significantly between the 2050 and 2080 scenarios, 
but lessen between the 2080 and 2100 scenarios (Table 4.10). Moreover, the maximum 
inundation area at both sites with distributed land subsidence is greater than that of the 
corresponding high-rate scenarios but lower than the worst case scenarios (25 mm/y). 
Coastal flood risk analysis shown in Table 7.1 suggests that the combined impacts of 
flooding are far greater than individual factors. For example, for the scenarios of coastal 
flooding in the eastern study site in 2050 (2050-Scenario), the proportion of buildings 
affected by SLR and LS are 3.9% and 5.4% respectively, while the combined impact 
of SLR and LS shows that 34.3% of the buildings in the study site (73,250 buildings) 
could be affected by flooding in 2050. 
7.2.2 Surface water flood modelling and risk analysis 
Surface water flooding poses frequent threats to cities in Southeast Asia including 
Bangkok, but there has been a lack of research on this topic due to the challenges 
involved in obtaining: (i) urban topographical data; (ii) rainfall and drainage 
characteristics required for model inputs and parameterisation; and (iii) observational 
data for model validation. The work undertaken in this study represents one of the first 
attempts to model surface water flooding in the region. The headline findings are 
presented in Section 7.3.1; the most novel aspects, challenges and scope for 
improvement are discussed in Section 7.3.2. 
The sensitivity analysis of mesh resolution and roughness has demonstrated that: (i) 
increasing the roughness values results in decreased inundation extent; and (ii) a finer 
resolution DEM is required to generate the most accurate predictions. Moreover, 
coarser meshes are associated with increasing inundation extents and the sensitivity 
over time with all roughness values. Therefore, higher values of roughness (n = 0.05) 
could be used in conjunction with coarser resolution DEMs (i.e. 20-m resolution DEM) 
to compensate the effect of less accurate topographies. Model response to roughness 
and mesh resolution demonstrated in this study agrees with previous studies (Yu and 
Coulthard, 2015; Ozdemir et al., 2013; Yin et al., 2016 a, b).  
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Model validation using data derived from media sources reveals some interesting 
findings. First, flood depths estimated using reference objects contained in photos and 
videos were useful for evaluating model performance as they can be compared with 
model predictions at the time when the photo was taken. Whilst there are uncertainties 
in depth estimation (+/-10cm, Table 5.1), the use of depth range and confidence level 
ensures a robust model evaluation (Section 5.3.2).  
The modelling undertaken also revealed interesting findings regarding the capacity of 
the storm drainage system of the city. In model calibration, a drainage capacity value 
of 15 mm/hour with the 5 m and 10 m resolution for all roughness values generated 
acceptable results, using a matrix based approach to count which simulation produced 
the most number of depth estimated from the photo/video. However, simulations with 
the design drainage capacity in the Bangkok area of 60 mm/hour (Bangkok 
Metropolitan Administration, 2014) results in no flooding, suggesting that the drainage 
system during the flood event was likely to be much less effective than the design 
standard. Similar findings were also reported in Yu and Coulthard (2015) where the 
model was applied to the City of Hull, UK. 
Two main contributing factors including land subsidence and precipitation were taken 
into consideration in the scenario design of surface water flood modelling. The impacts 
of precipitation intensity were examined based on the Chicago design storm method 
(Keifer and Chu, 1957), which allowed rainfall hyetographs of various return periods 
(1-in 2, 5, 10, 20, 50 and 100 years) to be generated. The impact of rainfall magnitude 
is evident, but the impact of land subsidence is insignificant when total inundated area 
is considered. However, spatial metrics including the F statistic and RMSE demonstrate 
spatial and temporal deviations of model predictions, suggesting that land subsidence 
redistributes flood water on the urban floodplain, thus shifting the surface water flood 
risk landscape.  
The impacts of surface water flood risks on buildings, land use, transportation network 
and infrastructure nodes were evaluated. Flood hazard maps were generated, 
highlighting changing flood risks over time and space for various scenarios. In contrast 
to coastal and fluvial flood risks, the impact of surface water flooding on buildings 
under various scenarios is much smaller (<6%, Table 7.1). The most significant impact 
of short-duration surface water flooding is the disruption to the transport network. 
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Hotspots of surface water flooding can be identified from the study (e.g. inset, Table 
5.20). Adaptation measures could be undertaken accordingly to mitigate potential risks 
to surface water flooding. This may include upgrading and better maintenance the urban 
storm sewer system, temporary demountable flood defences, rapid response pumping 
stations, and multi-use water attenuation infrastructure in urban spaces. 
7.2.3 Fluvial flood modelling and risk analysis 
With a limited amount of data, this study constructed a 1D river flow model and coupled 
it with a 2D flood inundation model. This enabled the coupled modelling of river flow 
and flood inundation in the Lower Chao Phraya River. Sections below present: (i) the 
key findings obtained from fluvial flood modelling (Section 7.4.1), and (ii) the novelties 
generated and challenges faced in the modelling and risk analysis, and scope for further 
improvement (Section 7.4.2).    
In terms of sensitivity analysis and parameterisation, the river flow model was first 
calibrated for: (i) the 2011 event (4-month) with hourly flow boundary conditions; and 
(ii) whole year simulations of 2010 and 2011 using daily flow data. Manning’s n 
roughness was used as the key calibration parameter. The sensitivity analysis of 
roughness showed that the model is sensitive to roughness values specified at river cross 
sections, and high roughness values are associated with slower flow.  
Another main finding obtained from the 1D river flow modelling relates to the relative 
impact of sea level rise compared with that of increasing river flow from the upstream 
catchment. For example, the peak water level increase obtained with the 2100 high-rate 
SLR scenario (43 cm) at downstream of the river (TD.01) is similar to that of a 20% 
increase in river flow (41 cm). The combined scenarios of SLR (Table 4.2) and 
increased river flow of 40% demonstrated a significant increase of peak water level by 
up to 65.8% (125 cm) for 2100.  
2D flood inundation modelling using the outputs from the 1D river flow model revealed 
a number of interesting findings. The impacts of three main contributing factors to 
fluvial flood risks including increased upstream river flow, sea level rise, and land 
subsidence were evaluated. First, simulations with distributed rates of land subsidence 
are predicted to generate slightly less inundation into 2050, compared with the baseline 
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event (a one in 100 year event). This is shown to be associated with a more rapid land 
subsidence rate in the vicinity of the river channel, which overbank flow needs to 
overcome in order to propagate further inland. As the magnitude of SLR increases into 
2080 and 2100, and the magnitude of flooding increases, simulations with land 
subsidence scenarios generate greater inundation extent than SLR scenarios alone. 
Risk analysis suggests that, as the magnitudes of fluvial flooding under the SLR and 
land subsidence scenarios are far greater than that of the corresponding coastal and 
surface water flooding scenarios, impacts on buildings, infrastructure nodes, land uses 
and road networks are far more profound. For example, a 20% increase in river flow 
under the 2080 SLR scenario will inundate a large number of the buildings in the study 
site, including hospitals and schools (81%, Table 6.15). When combined with land 
subsidence, this increases to 88% (Table 7.1). This study also looked at the wider 
cascading impacts of the 2011 event on the export of key commodities based on the 
statistical analysis of export statistics. Results suggest that the 2011 Thailand flood had 
wider impacts beyond the region, affecting in particular the export of motor cars, parts 
and accessories and electronic machines during 2011. The 2011 event also affected the 
production of food including Jasmine rice and sea food in the years that followed. 
However, the trends identified need to be interpreted with caution since flooding may 
not be the only factor determining the level of export in international trading.  
7.3 Novelties and Research Contributions  
The overall novelty and originality of this study lie in: (i) the approach to considering 
the key driving factors in a single modelling framework which allowed both individual 
and combined impacts of individual flood risk drivers to be evaluated; and (ii) the 
implementation of the framework using numerical modelling approaches which allow 
the spatial and temporal vulnerabilities of flood risks in the Bangkok Metropolitan 
Region to be evaluated, by quantifying the number of buildings, length of roads, areas 
of land use and number of infrastructure nodes vulnerable in each scenario.  
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7.3.1 Coastal flood modelling and risk analysis 
The novelty of coastal flood modelling and risk analysis lies in the consideration of sea 
level rise, land subsidence and storm surge in two sites with distinct socio-economic 
activities on the Bangkok coastline.   
Key challenges in coastal flood modelling are related to the lack of local projections of 
sea level rise and land subsidence (Section 2.3.3), both of which also apply to fluvial 
flood modelling (Chapter 6), and the latter to surface water flood modelling (Chapter 
5).  
First, despite the fact that historical trends of sea level rise have been analysed in 
previous studies, there are no regional projections of sea level rise for the region. The 
challenge was addressed by using two authoritative projections by the IPCC (2013), 
along with a worst case scenario projected by NOAA. The use of a global projection 
and a worst case scenario should capture the potential range of sea level rises in the 
region. However, it should be recognized that the sea level rise record between 1940 
and 2004 suggests that the rate of SLR is significantly higher than the global average 
(Trisirisatayawong et al. 2011). It is therefore likely that the impacts of sea level rise 
may occur earlier than the periods projected in this study.  
Second, the assumption that land subsidence rate observed in recent years will continue 
uniformly into the future may not hold. Engineering interventions have seen the 
lessening of land subsidence problems in some places. However, around the world there 
are records of persistent land subsidence and it is reported that in the 20th century, 
Bangkok subsided by 2 m (Nicholls et al., 2008). The general consensus is that land 
sinking and uplifting may be influenced by ground water levels but the trend is likely 
to continue.   
7.3.2 Surface water flood modelling and risk analysis 
First, the spatial and temporal distribution of rainfall in urban areas is known to be 
highly heterogeneous. This study is the first to use distributed rainfall inputs 
interpolated from rain gauges to undertake high-resolution surface water flood 
modelling using FloodMap-HydroInundation. The use of distributed rainfall is 
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expected to improve the accuracy of predictions over uniform rainfall hydrographs at 
single stations.  
Second, the use of data derived from social media is novel and complements existing 
studies that employ data from social media to evaluate predictions of fluvial flood 
models (e.g. Smith et al., 2015). But it also points to the challenges involved in deriving 
useful geo-referenced information such as depth and velocity from photos and videos. 
For example, depth estimates derived from images and videos can be uncertain, and 
location information may not be present. More generally, this also calls into question 
how surface water flood modelling can be validated due to its sudden and often 
localised nature which precludes observations to be obtained in real time.   
Third, the impacts of distributed land subsidence into 2050, 2080 and 2100, assuming 
the 2005-2010 trend continues, under rainfall events of various magnitudes were 
investigated using numerical models, allowing potential future surface water flood risks 
to be evaluated. Future rainfall scenarios assume no change in climatology and 
storminess due to the challenging nature of short-duration rainfall projection. Indeed, 
the prediction of short-duration localised storm events is not an exact science. 
7.3.3 Fluvial flood modelling and risk analysis 
The main novelty of fluvial flood modelling is the way increased river flow, rising sea 
level and sinking landscape are considered holistically in a modelling framework. 
Specifically, in terms of river flow projection, due to the inconsistency of river flow 
gauging record durations, instead of assigning return period to scenarios, a sensitivity-
based approach was adopted, allowing plausible flow rates to be captured in the 
scenario design.  
Another novel aspect is incorporating sea level rise into the flow boundary conditions 
of the 1D river flow model based on the correlation between the hourly tidal level at 
the coast and hourly gauging record at the model internal flow boundary. The use of 
distributed land subsidence rate in conjunction with river flow increase and SLR 
allowed the impact of all three key contributing factors to be modelled with changing 
topographies. 
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In terms of 1D river flow modelling, a number of improvements could be made if more 
data become available. First, a uniform roughness specification was used in the 1D river 
flow model due to the lack of detailed river geomorphological information. In reality, 
roughness is likely to vary between cross sections and during flood events. This may 
further improve the river flow predictions at the site of inundation modelling. Second, 
a limited number of cross sections were used in the 1D river flow, due to data 
availability. Previous studies show that the 1D river flow model is sensitive to the 
number of cross sections used in the simulation. Further refinement of the model could 
incorporate more cross sections in the model. Despite the lack of data, the model was 
successfully calibrated with satisfactory accuracy statistics (e.g. 92% NSE, Table 6.8) 
obtained at the 2D inundation modelling site. 
In terms of 2D flood inundation modelling, the selection of modelling sites has been 
restricted by the spatial availability of LiDAR data, which need to be co-located in a 
river reach where a cross section is present. There can be more flexibility (more sites 
and bigger domain) when more data become available in the future. The computational 
resources required by the 2D modelling are also a limiting factor. Future development 
of more efficient (e.g. parallel modelling) 2D modelling tools that can cover a larger 
spatial domain with finer resolution would allow a fuller and more detailed picture of 
fluvial flood risks across the city to be obtained.   
In terms of risk analysis, whilst direct impacts of flooding may be evaluated with certain 
confidence, the wider cascading impacts of flooding requires more research as the 
intangible and indirect impacts of flooding are still less well understood. 
7.4 Informing Flood Risk Management in the City 
This study demonstrated the complex nature of flood risks in the Bangkok Metropolitan 
Region, and the uncertainties involved in future flood risk evaluation. Flooding is a 
spatial-temporal process, and the occurrences of flooding may change over time. For 
the simulation of future flood risks using flood modelling, various sources of 
uncertainties were considered in this study. For example, the simulation results which 
are sensitive to resolution and roughness, revealed the uncertainties related to flood 
modelling including the effects of grid size and surface roughness parameters. 
Statistical uncertainties are associated with extreme values and methods used in the 
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estimation of worst case projection of sea level rise, water level and discharge in the 
river, rainfall intensity, and land subsidence.  
This study applied the designed methods to quantified uncertainty from different 
sources including (i) design various scenarios for the future projection of factors related 
to different types of flood modelling; (ii) investigate sensitivity analysis of model 
parameters and input (i.e. resolution, roughness, drainage capacity); (iii) model 
calibration and validation using different types of data (i.e. observed inundation extent 
derived from satellite imageries, geo-located photo and videos, and water level recorded 
at selected gauging stations); (iv) evaluate the model performance using various metrics 
(i.e. overall accuracy, F statistics, Kappa wet, and Depth RMSD); (v) employ the 
quadratic summation of uncertainty method (Katsman et al., 2008) to reduce the 
uncertainties in the projections of coastal flood scenarios; and (vi) apply the equifinality 
methods (Beven, 1993; 2006) to evaluate the performance of surface flood modelling 
based on discrete point observation. Although various uncertainties in this research 
have been constrained using the above methods, simulations of coastal, surface water 
and fluvial flood modelling should be viewed with caution.    
Consequently, city managers are facing the challenging tasks of having to be prepared 
for future flood risks. The findings obtained from this study inform flood risk 
management of Bangkok in a number of ways.  
First, this study demonstrates that flood risks in the city need to be managed in a holistic 
manner, taking into account multiple key risk drivers and considering the potential co-
occurrence of various types of flooding which may interact with each other. The 
modelling undertaken highlights that, in most cases, the combined impacts of key risk 
drivers are much more pronounced than that of the individual factors (Table 7.1). 
Likewise, flooding from various sources may occur at the same time and reinforce the 
individual impact. For example, surface water flooding occurring during high tides may 
exacerbate the impacts as flood water might not be able to be drained to natural channels 
due to higher water level in the river, which is influenced by the tidal level. Similarly, 
as happened in 2011, high river flow from the catchment might coincide with high tidal 
level, preventing water flow to the ocean and delaying flood recession.  
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Second, where numerical modelling was undertaken and infrastructure data are 
available, hotspots of flood risks under various scenarios can be identified. Adaptation 
measures could then be undertaken to mitigate the potential risks. For example, surface 
water flood modelling revealed multiple hotspots that could be identified from the flood 
hazard maps produced (e.g. Figure 5.16). Fluvial and coastal flood modelling under 
future SLR and land subsidence scenarios allows flood managers to evaluate what are 
the inland flood risks that a certain combination of risk drivers occurring in the future 
might result in. If data are available, fluvial and coastal flood modelling can be 
expanded to other sites, allowing a complete picture of flood risks to be obtained and 
hotspots of vulnerability to be identified.  
Third, this study allows potential adaptation measures to be evaluated within the 
modelling framework developed. In terms of surface water flooding, due to the 
relatively shallow water depths and the sudden nature of flooding, property level 
protection, pumping at local scales, and sustainable drainage systems could be 
considered at the hotspot locations identified. Similarly, flood defences and attenuation 
storage areas could be considered to protect the city from fluvial and coastal flooding. 
The models set up in this study can be readily adopted to evaluate various adaptation 
measures that could be undertaken for reducing flood risks in the Bangkok Metropolitan 
Region. 
7.5 Legacies and Future Research Priorities 
Benefiting from the increasing availability of data from various sources and recent 
advances in numerical modelling, this research is the first to consider multiple flood 
risk drivers and interacting flood risks within a single numerical modelling framework 
in the Bangkok Metropolitan Region. It will have a long lasting legacy for flood risk 
management in the region and beyond, through: (i) raised awareness of multiple risk 
drivers and interacting flood risks for both the public and policy makers; (ii) further and 
more complete assembly of various data sets when they become available based on the 
template demonstrated in this study; and (iii) identification of hotspots of critical 
infrastructure and communities at risk using refined and alternative modelling 
approaches within the modelling framework developed in this study.   
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With the rapid advance of data capturing and modelling techniques, many research 
opportunities exist to advance the understanding gained through this study further. The 
foremost future research priorities should be directed towards: (i) refining the 
projections of key risk drivers for improved risk projection; (ii) quantifying the 
uncertainty propagation from input data source to numerical modelling and risk analysis; 
and (iii) developing more informative risk analysis methods to account for intangible, 
indirect and cascading impacts of flooding in the wider social, economic and 
environmental domain. 
Although the climate-related and human-related impacts on each types of flooding have 
been identified, the combined impacts resulted from different types of flooding on the 
same area remain unclear. Due to the limitation in data availability, this study presents 
results separately for coastal flooding, surface water flooding and fluvial flooding in 
different sites. The challenge for future research is to simulate flood scenarios for 
different combinations of drivers on the same site when more datasets become available.  
In terms of sea level rise scenarios, future studies could be undertaken to adopt local sea 
level rise projections when they become available. In addition, the 2011 baseline event 
used in coastal flood modelling is 1 in 100-year event. Future work could investigate the 
impacts of driving factors in relation to different magnitude coastal flood events (e.g. 
Yin et al., 2013). For the rainfall data, further modelling work could utilize improved 
rainfall field when they become available (e.g. from Radar observation). Moreover, 
forecast of surface water flooding is increasingly becoming a possibility with the 
availability of high-resolution rainfall forecast which can capture convective storm cells 
(e.g. Yu et al., 2017). This may come from national short- to medium-range weather 
forecast, or regional climate downscaling such as SEACLID/CORDEX Southeast Asia 
(SEACLID/CORDEX-SEA, 2016). In addition, it is beyond the scope of this study to 
examine the key infrastructure in greater details due to the lack of data. Further research 
needs to investigate more closely the affected key infrastructures, accounting for, e.g. (i) 
the size and number of emergency rooms in key hospitals; and (ii) the indirect losses in 
a wider region associated with the key infrastructure failure (e.g. power substation that 
generate electric for the whole districts). Such information can be used by flood 
managers to inform their strategic planning and operational response. 
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Appendix A: Time series of inundation extent for  
coastal flood modelling 
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Figure A.1: Inundation extent over time (24-hour period) obtained from 10 m 
resolution model with a Manning’s value of 0.06 for the eastern site 
 
Appendix A: Time series of inundation extent for coastal flood modelling 
 
 
263 
 
 
Figure A.2: As Figure A.1 but for 20 m resolution 
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Figure A.3: As Figure A.1 but for 30 m resolution 
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Figure A.4: As Figure A.1 but for 40 m resolution 
  
(
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Appendix A: Time series of inundation extent for coastal flood modelling 
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Figure A.5: As Figure A.1 but for 50 m resolution 
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Figure A.6: Inundation extent over time (24-hour period) obtained from 10 m 
resolutions model with a Manning’s value of 0.06 for the western site 
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Figure A.7: As Figure A.6 but for 20 m resolution 
  
(
b) 
Appendix A: Time series of inundation extent for coastal flood modelling 
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Figure A.8: As Figure A.6 but for 30 m resolution 
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Figure A.9: As Figure A.6 but for 40 m resolution 
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Figure A.10: As Figure A.6 but for 50 m resolution 
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Lists of scenarios for the Eastern study site   
1. Uniform land subsidence 2050 (low) 
2. Uniform land subsidence 2050 (high) 
3. Uniform land subsidence 2050 (worst case) 
4. Uniform land subsidence 2080 (low) 
5. Uniform land subsidence 2080 (high) 
6. Uniform land subsidence 2080 (worst case) 
7. Uniform land subsidence 2100 (low) 
8. Uniform land subsidence 2100 (high) 
9. Uniform land subsidence 2100 (worst case) 
10. Distributed land subsidence 2050 
11. Distributed land subsidence 2080 
12. Distributed land subsidence 2100 
13. Sea level rise 2050 (low) 
14. Sea level rise 2050 (high) 
15. Sea level rise 2050 (worst case) 
16. Sea level rise 2080 (low) 
17. Sea level rise 2080 (high) 
18. Sea level rise 2080 (worst case) 
19. Sea level rise 2100 (low) 
20. Sea level rise 2100 (high) 
21. Sea level rise 2100 (worst case) 
22. Storm surge 
23. Sea level rise + Uniform land subsidence 2050 (low) 
24. Sea level rise + Uniform land subsidence 2050 (high) 
25. Sea level rise + Uniform land subsidence 2080 (low) 
26. Sea level rise + Uniform land subsidence 2080 (high) 
27. Sea level rise + Uniform land subsidence 2100 (low) 
28. Sea level rise + Uniform land subsidence 2100 (high) 
29. Sea level rise + Storm surge 2050 (low) 
30. Sea level rise + Storm surge 2050 (high) 
31. Sea level rise + Storm surge 2080 (low) 
32. Sea level rise + Storm surge 2080 (high) 
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33. Sea level rise + Storm surge 2100 (low) 
34. Sea level rise + Storm surge 2100 (high) 
35. Sea level rise + Uniform land subsidence + Storm surge 2050 (low) 
36. Sea level rise + Uniform land subsidence + Storm surge 2050 (high) 
37. Sea level rise + Uniform land subsidence + Storm surge 2080 (low) 
38. Sea level rise + Uniform land subsidence + Storm surge 2080 (high) 
39. Sea level rise + Uniform land subsidence + Storm surge 2100 (low) 
40. Sea level rise + Uniform land subsidence + Storm surge 2100 (high) 
41. Sea level rise + Distributed land subsidence 2050 (low) 
42. Sea level rise + Distributed land subsidence 2050 (high) 
43. Sea level rise + Distributed land subsidence 2080 (low) 
44. Sea level rise + Distributed land subsidence 2080 (high) 
45. Sea level rise + Distributed land subsidence 2100 (low) 
46. Sea level rise + Distributed land subsidence 2100 (high) 
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Lists of scenarios for the Western study site  
1. Uniform land subsidence 2050 (low) 
2. Uniform land subsidence 2050 (high) 
3. Uniform land subsidence 2050 (worst case) 
4. Uniform land subsidence 2080 (low) 
5. Uniform land subsidence 2080 (high) 
6. Uniform land subsidence 2080 (worst case) 
7. Uniform land subsidence 2100 (low) 
8. Uniform land subsidence 2100 (high) 
9. Uniform land subsidence 2100 (worst case) 
10. Sea level rise 2050 (low) 
11. Sea level rise 2050 (high) 
12. Sea level rise 2050 (worst case) 
13. Sea level rise 2080 (low) 
14. Sea level rise 2080 (high) 
15. Sea level rise 2080 (worst case) 
16. Sea level rise 2100 (low) 
17. Sea level rise 2100 (high) 
18. Sea level rise 2100 (worst case) 
19. Storm surge 
20. Sea level rise + Uniform land subsidence 2050 (low) 
21. Sea level rise + Uniform land subsidence 2050 (high) 
22. Sea level rise + Uniform land subsidence 2080 (low) 
23. Sea level rise + Uniform land subsidence 2080 (high) 
24. Sea level rise + Uniform land subsidence 2100 (low) 
25. Sea level rise + Uniform land subsidence 2100 (high) 
26. Sea level rise + Storm surge 2050 (low) 
27. Sea level rise + Storm surge 2050 (high) 
28. Sea level rise + Storm surge 2080 (low) 
29. Sea level rise + Storm surge 2080 (high) 
30. Sea level rise + Storm surge 2100 (low) 
31. Sea level rise + Storm surge 2100 (high) 
32. Sea level rise + Uniform land subsidence + Storm surge 2050 (low) 
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33. Sea level rise + Uniform land subsidence + Storm surge 2050 (high) 
34. Sea level rise + Uniform land subsidence + Storm surge 2080 (low) 
35. Sea level rise + Uniform land subsidence + Storm surge 2080 (high) 
36. Sea level rise + Uniform land subsidence + Storm surge 2100 (low) 
37. Sea level rise + Uniform land subsidence + Storm surge 2100 (high)
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Table C.1: Summary statistics of affected building, land use and road for difference scenarios in the Eastern study site 
     (Land subsidence)  
    2011 Uniform land subsidence   Distributed and subsidence  
Base 2050 
 
2080 
 
2100 
 
2050 2080 2100 
All Year Low High Worst case   Low High Worst case   Low High Worst case         
Building and housing  (Unit : building)                  
Residence                  
Residential house and building 176,300 2,829 3,724 9,790 33,033  4,323 18,089 65,971  5,040 22,704 82,856  17,654 26,240 38,909 
Productivity and commerce                  
Factory 6,529 126 156 365 1,522  178 799 2,640  195 1,033 3,303  865 1,397 1,809 
Wholesale warehouse 2,079 4 9 53 248  17 114 424  24 155 571  132 221 284 
Commercial building 14,513 75 125 609 2,262  155 1,114 4,964  180 1,457 6,272  1,058 1,576 2,517 
Business  10,651 67 93 341 1,714  108 924 3,671  137 1,205 4,616  1,001 1,474 1,963 
Financial service 89 0 0 1 5  0 1 10  0 3 13  1 5 6 
Market 97 0 0 3 19  0 4 30  0 9 42  9 11 17 
Plant nursery and livestock housing 416 2 2 16 51  4 34 87  5 36 109  25 39 58 
Infrastructure                   
Electricity substation 58  0 0 5  0 1 18  0 3 20  0 5 6 
Gas station 185 0 0 1 10  0 4 22  0 7 29  2 5 6 
Fire station 6  0 0 0  0 0 1  0 0 2  0 0 0 
Telecommunication 67  0 0 11  0 4 24  0 4 29  3 7 8 
Landfill and wastewater treatment 12 1 1 2 5  1 4 9  1 4 10  4 4 4 
Government property 401 14 21 72 207  26 123 242  40 155 270  99 113 134 
Hospital 75 0 0 3 9  0 4 17  0 5 29  6 7 10 
Day care and nursing home  50  0 8 12  0 9 12  0 10 19  8 9 11 
Temple 1,381 84 100 162 329  111 223 571  117 246 656  216 229 336 
School 868 17 22 65 173  26 126 292  32 138 346  106 113 154 
Transportation  3 0 0 0 0  0 0 2  0 0 2  0 0 2 
Others                  
Other building 64,461 1,144 1,391 3,103 10,319  1,547 5,625 17,342  1,711 7,223 20,582  5,200 7,855 10,070 
Total buildings 278,241 4,363 5,644 14,594 49,934  6,496 27,202 96,349  7,482 34,397 119,776  26,389 39,310 56,304 
Land use (Unit : km2) 
  
               
Agricultural use 
  
               
Rice field 13.6 0.0 0.0 0.0 0.0  0.0 0.0 0.2  0.0 0.0 0.2  0.0 0.0 0.2 
Cultivated land  1.8 0.0 0.0 0.1 0.4  0.0 0.2 0.6  0.0 0.3 0.6  0.1 0.2 0.3 
Aquaculture  199.9 12.8 14.6 23.4 75.0  15.8 37.0 113.9  16.8 47.3 123.9  32.7 51.5 58.8 
Natural Resources   
   
 
   
 
   
 
   
Forestry 4.1 2.8 3.0 3.4 4.0  3.1 3.7 4.1  3.2 3.8 4.1  3.6 3.8 3.9 
Wetland 11.5 0.7 0.8 1.0 2.8  0.8 1.3 4.3  0.9 1.6 5.0  1.3 2.4 3.1 
Others   
   
 
   
 
   
 
   
Unused and vacant land 63.4 0.8 1.1 2.3 9.8  1.2 4.4 14.4  1.4 5.8 17.5  4.5 6.8 8.1 
Other land use 9.9 0.1 0.1 0.4 2.4  0.1 1.2 2.7  0.1 1.6 2.7  1.3 1.7 1.8 
Total land use area 304.3 17.2 19.6 30.6 94.4  21.0 47.6 140.2  22.3 60.3 154.1  43.6 66.5 76.2 
Road (Unit : km)                  
Concrete 2,539.7 19.4 26.0 70.2 268.8  29.4 130.7 549.3  33.7 165.2 711.4  85.5 116.5 129.2 
Asphalt 826.3 8.3 11.8 45.4 145.8  15.1 87.0 
 
204.8  19.0 106.3 220.2  134.9 218.0 309.4 
Gravel and footpath 483.9 5.4 7.6 19.0 73.9  8.5 37.2 119.6  9.5 48.3 139.0  27.2 45.7 51.4 
Total road length 3,849.9 33.1 45.4 134.6 488.5   52.9 254.9 873.7   62.3 319.9 1,070.6   247.6 380.2 490.0 
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Table C.2: Summary statistics of affected building, land use and road for difference scenarios in the Eastern study site  
     (Sea level rise and storm surge) 
    2011 Sea level rise   Storm surge 
  
 
Base 2050 
 
2080 
 
2100 
 
All Year Low High Worst case   Low High Worst case   Low High Worst case   
Building and housing  (Unit : building)                
Residence                
Residential house and building 176,300 2,829 6,643 7,251 28,343  10,914 17,268 57,020  14,300 24,540 69,448  22,180 
Productivity and commerce                
Factory 6,529 126 237 270 1,305  422 758 2,291  574 1,148 2,759  1,004 
Wholesale warehouse 2,079 4 34 37 207  60 109 363  85 176 444  147 
Commercial building 14,513 75 320 370 1,846  680 1,066 4,436  882 1,626 5,286  1,410 
Business  10,651 67 210 247 1,431  395 865 3,323  646 1,299 3,788  1,172 
Financial service 89 0 0 0 4  1 1 8  1 3 10  3 
Market 97 0 0 1 18  4 4 28  4 11 39  7 
Plant nursery and livestock housing 416 2 6 9 41  18 32 76  24 39 90  35 
Infrastructure                 
Electricity substation 58  0 0 0  0 1 15  0 4 18  2 
Gas station 185 0 0 0 9  1 4 18  2 7 23  6 
Fire station 6  0 0 0  0 0 1  0 0 1  0 
Telecommunication 67  0 0 6  2 4 21  4 4 26  4 
Landfill and wastewater treatment 12 1 2 2 5  2 3 7  3 5 9  4 
Government property 401 14 49 53 178  81 122 241  100 162 245  149 
Hospital 75 0 0 1 6  3 4 14  4 6 23  5 
Day care and nursing home  50  4 4 12  8 8 12  8 10 12  10 
Temple 1,381 84 137 141 279  173 222 508  207 249 584  243 
School 868 17 42 54 148  69 122 259  98 142 302  138 
Transportation  3 0 0 0 4  0 0 2  0 0 2  0 
Others                
Other building 64,461 1,144 2,200 2,338 8,710  3,449 5,386 15,211  4,418 7,766 17,823  7,018 
Total buildings 278,241 4,363 9,884 10,778 42,552  16,282 25,979 83,854  21,360 37,197 100,932  33,537 
Land use (Unit : km2) 
  
             
Agricultural use 
  
             
Rice field 13.6 0.0 0.0 0.0 0.0  0.0 0.0 0.1  0.0 0.0 0.2  0.0 
Cultivated land  1.8 0.0 0.0 0.0 0.4  0.1 0.1 0.5  0.1 0.3 0.6  0.2 
Aquaculture  199.9 12.8 18.9 20.1 59.7  25.1 35.5 100.7  30.2 51.3 116.8  45.9 
Natural Resources   
   
 
   
 
   
 
 
Forestry 4.1 2.8 3.3 3.3 3.9  3.5 3.6 4.0  3.6 3.9 4.1  3.8 
Wetland 11.5 0.7 0.9 1.0 1.9  1.1 1.2 3.8  1.2 1.6 4.5  1.5 
Others   
   
 
   
 
   
 
 
Unused and vacant land 63.4 0.8 1.8 1.9 8.3  2.5 4.2 12.6  3.4 6.8 15.1  5.4 
Other land use 9.9 0.1 0.2 0.3 1.9  0.5 1.1 2.6  0.9 1.7 2.7  1.4 
Total land use area 304.3 17.2 25.2 26.7 76.1  32.8 45.8 124.5  39.3 65.6 143.9  58.3 
Road (Unit : km)                
Concrete 2,539.7 19.4 47.4 53.6 208.5  77.4 124.1 466.4  101.1 180.7 583.8  159.8 
Asphalt 826.3 8.3 27.0 32.5 126.3  51.2 83.9 191.1  68.4 113.2 207.4  103.6 
Gravel and footpath 483.9 5.4 13.1 14.8 59.8  21.5 35.7 102.0  28.6 51.9 123.7  47.1 
Total road length 3,849.9 33.1 87.5 101.0 394.6   150.2 243.7 759.5   198.1 345.8 914.8   310.5 
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Table C.3: Summary statistics of affected building, land use and road for difference scenarios in the Eastern study site  
     (Sea level rise + uniform land subsidence and sea level rise + storm surge) 
    2011 Sea level rise and uniform land subsidence 
 
Sea level rise and storm surge  
Base 2050 
 
2080 
 
2100 
 
2050 
 
2080 
 
2100 
All Year Low High   Low High   Low High   Low High   Low High   Low High 
Building and housing  (Unit : building)                    
Residence                    
Residential house and building 176,300 2,829 16,097 60,957  27,720 103,771  33,270 123,560  13,088 47,295  19,466 68,497  22,704 81,403 
Productivity and commerce                    
Factory 6,529 126 694 2,467  1,272 4,086  1,526 4,821  508 1,897  878 2,713  1,033 3,275 
Wholesale warehouse 2,079 4 100 403  201 810  249 1,199  76 300  130 437  155 564 
Commercial building 14,513 75 1,002 4,648  1,815 8,136  2,311 10,065  807 3,637  1,213 5,201  1,457 6,168 
Business  10,651 67 809 3,495  1,405 5,884  1,748 7,223  491 2,890  1,019 3,744  1,205 4,551 
Financial service 89 0 1 9  4 24  5 38  1 6  1 10  3 12 
Market 97 0 4 28  18 65  19 68  4 27  4 38  9 42 
Plant nursery and livestock housing 416 2 31 81  41 142  51 198  22 68  34 89  36 108 
Infrastructure                     
Electricity substation 58  0 17  4 21  6 22  0 10  1 18  3 20 
Gas station 185 0 3 21  9 36  10 58  2 14  4 23  7 27 
Fire station 6  0 1  0 2  0 5  0 1  0 1  0 2 
Telecommunication 67  4 22  6 38  11 46  2 21  4 25  4 29 
Landfill and wastewater treatment 12 1 3 9  5 12  5 12  3 6  4 9  4 10 
Government property 401 14 112 241  173 286  207 321  97 231  132 244  155 268 
Hospital 75 0 4 16  6 44  10 48  4 12  4 21  5 29 
Day care and nursing home  50  8 12  10 21  12 25  8 12  9 12  10 19 
Temple 1,381 84 217 540  268 796  332 1,015  196 384  234 582  246 645 
School 868 17 110 281  147 406  177 482  90 222  133 300  138 346 
Transportation  3 0 1 2  0 2  0 2  0 1  0 2  0 2 
Others                    
Other building 64,461 1,144 5,024 16,298  8,526 24,475  10,410 29,706  4,009 13,076  6,085 17,693  7,223 20,349 
Total buildings 278,241 4,363 24,224 89,548  41,630 149,057  50,359 178,914  19,408 70,110  29,355 99,659  34,397 117,869 
Land use (Unit : km2) 
  
                 
Agricultural use 
  
                 
Rice field 13.6 0.0 0.0 0.2  0.0 0.2  0.0 0.5  0.0 0.0  0.0 0.2  0.0 0.2 
Cultivated land  1.8 0.0 0.1 0.6  0.4 0.6  0.4 0.7  0.1 0.5  0.2 0.6  0.3 0.6 
Aquaculture  199.9 12.8 33.5 107.2  58.1 128.2  75.8 134.9  28.1 91.5  40.1 115.9  47.3 123.6 
Natural Resources   
  
 
  
 
  
 
  
 
  
 
  
Forestry 4.1 2.8 3.6 4.1  3.9 4.1  4.0 4.1  3.5 4.0  3.7 4.1  3.8 4.1 
Wetland 11.5 0.7 1.2 4.1  1.8 6.6  2.8 8.5  1.1 3.4  1.4 4.5  1.6 5.0 
Others   
  
 
  
 
  
 
  
 
  
 
  
Unused and vacant land 63.4 0.8 3.9 13.5  8.0 22.2  9.8 30.9  3.1 11.5  4.7 14.9  5.8 17.4 
Other land use 9.9 0.1 1.0 2.7  1.9 2.9  2.5 3.7  0.8 2.6  1.2 2.7  1.6 2.7 
Total land use area 304.3 17.2 43.4 132.3  74.1 164.9  95.4 183.3  36.8 113.6  51.4 142.8  60.3 153.6 
Road (Unit : km)                    
Concrete 2,539.7 19.4 115.3 501.9  203.4 883.5  272.9 1078.8  92.4 394.8  141.1 574.2  165.2 699.3 
Asphalt 826.3 8.3 78.7 199.0  124.2 245.1  146.5 288.3  59.9 176.2  92.9 206.4  106.3 219.2 
Gravel and footpath 483.9 5.4 33.3 110.7  58.3 161.6  74.6 191.5  26.3 89.0  40.9 122.5  48.3 138.0 
Total road length 3,849.9 33.1 227.3 811.5   385.9 1,290.2   493.9 1,558.6   178.7 660.1   274.9 903.0   319.9 1,056.5 
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Table C.4: Summary statistics of affected building, land use and road for difference scenarios in the Eastern study site  
     (Sea level rise + uniform land subsidence + storm surge and sea level rise + distributed land subsidence) 
    2011 Sea level rise with uniform land subsidence and storm surge 
 
Sea level rise and distributed land subsidence  
Base 2050 
 
2080 
 
2100 
 
2050 
 
2080 
 
2100 
All Year Low High   Low High   Low High   Low High   Low High   Low High 
Building and housing  (Unit : building)                    
Residence                    
Residential house and building 176,300 2,829 23,926 73,428  34,397 112,152  49,199 130,599  22,282 23,090  43,087 49,154  54,263 65,050 
Productivity and commerce                    
Factory 6,529 126 1,105 2,894  1,571 4,465  1,970 5,125  1,144 1,193  1,899 2,063  2,183 2,373 
Wholesale warehouse 2,079 4 168 500  255 961  316 1,334  172 175  310 332  355 393 
Commercial building 14,513 75 1,560 5,573  2,394 9,041  3,841 10,799  1,364 1,420  2,761 3,169  3,518 4,358 
Business  10,651 67 1,265 3,981  1,834 6,612  2,973 7,700  1,281 1,316  2,078 2,295  2,516 3,016 
Financial service 89 0 3 11  5 32  6 40  2 2  6 6  6 7 
Market 97 0 10 39  24 67  28 73  11 11  18 28  30 36 
Plant nursery and livestock housing 416 2 39 98  53 165  70 231  30 33  69 74  90 94 
Infrastructure                     
Electricity substation 58  4 18  6 21  11 26  3 3  7 7  7 8 
Gas station 185 0 7 24  12 45  14 77  5 5  7 14  16 25 
Fire station 6  0 1  0 5  1 5  0 0  0 0  0 1 
Telecommunication 67  4 27  11 43  21 47  4 4  10 11  13 19 
Landfill and wastewater treatment 12 1 4 9  5 12  7 12  4 4  4 6  8 8 
Government property 401 14 157 251  213 305  232 339  110 118  169 180  188 230 
Hospital 75 0 6 25  10 44  12 53  6 7  11 11  14 17 
Day care and nursing home  50  10 13  12 22  12 26  9 9  11 11  12 14 
Temple 1,381 84 249 587  342 949  402 1,016  231 231  377 412  445 535 
School 868 17 141 309  186 450  226 521  118 120  174 202  211 245 
Transportation  3 0 0 2  0 2  2 2  0 0  2 2  2 0 
Others                    
Other building 64,461 1,144 7,599 18,456  10,776 27,108  13,383 31,501  6,805 7,068  11,391 12,945  13,773 16,258 
Total buildings 278,241 4,363 36,257 106,246  52,106 162,501  72,726 189,526  33,581 34,809  62,391 70,922  77,650 92,687 
Land use (Unit : km2) 
  
                 
Agricultural use 
  
                 
Rice field 13.6 0.0 0.0 0.2  0.0 0.2  0.0 1.2  0.0 0.0  0.2 0.2  0.2 0.2 
Cultivated land  1.8 0.0 0.3 0.6  0.4 0.7  0.5 0.8  0.2 0.2  0.4 0.4  0.4 0.5 
Aquaculture  199.9 12.8 50.0 119.5  78.8 131.0  93.1 137.7  45.3 47.7  70.4 81.6  85.2 102.0 
Natural Resources   
  
 
  
 
  
 
  
 
  
 
  
Forestry 4.1 2.8 3.8 4.1  4.0 4.1  4.0 4.1  3.8 3.8  4.0 4.0  4.1 4.1 
Wetland 11.5 0.7 1.6 4.7  2.9 7.7  3.5 9.0  1.5 1.6  3.3 3.6  3.7 3.9 
Others   
  
 
  
 
  
 
  
 
  
 
  
Unused and vacant land 63.4 0.8 6.4 15.8  10.0 25.7  11.7 34.0  5.8 6.0  8.9 10.5  10.5 14.1 
Other land use 9.9 0.1 1.7 2.7  2.5 3.1  2.6 4.0  1.6 1.6  1.8 1.9  1.9 2.5 
Total land use area 304.3 17.2 63.9 147.6  98.8 172.5  115.4 190.9  58.3 61.0  89.0 102.3  106.0 127.4 
Road (Unit : km)                    
Concrete 2,539.7 19.4 175.8 619.4  288.1 970.4  409.9 1146.6  104.7 107.1  138.2 148.8  151.7 175.7 
Asphalt 826.3 8.3 111.0 211.4  150.1 262.6  179.4 306.4  173.9 180.3  335.3 390.3  432.7 556.6 
Gravel and footpath 483.9 5.4 50.8 128.5  77.2 173.6  91.7 210.4  42.7 45.4  67.4 78.6  82.2 107.1 
Total road length 3,849.9 33.1 337.5 959.3   515.5 1,406.7   680.9 1,663.4   321.3 332.7   540.9 617.7   666.6 839.4 
 
Appendix C: Summary statistics of affected building, land use and road (Coastal flood modelling) 
 
365 
Table C.5: Summary statistics of affected building, land use and road for difference scenarios in the Western study site  
     (Land subsidence) 
    2011 Uniform land subsidence  
Base 2050 
 
2080 
 
2100 
All Year Low High Worst case   Low High Worst case   Low High Worst case 
Building and housing  (Unit : building)              
Residence              
Residential house and building 130,513 3,208 3,599 5,494 15,829  3,849 7,307 44,049  4,106 9,053 55,296 
Productivity and commerce              
Factory 8,024 0 1 9 178  3 35 1,322  3 54 2,234 
Wholesale warehouse 1,864 1 1 2 60  1 7 404  1 15 551 
Commercial building 8,681 36 43 81 453  46 125 2,737  52 177 3,490 
Business  4,313 27 33 49 199  34 82 899  39 97 1,281 
Financial service 57 0 0 0 3  0 0 27  0 0 34 
Market 221 0 31 81 5  0 4 11  0 4 25 
Plant nursery and livestock housing 237 16 16 24 45  18 35 78  19 38 136 
Infrastructure               
Electricity substation 12 0 0 0 0  0 0 1  0 0 4 
Gas station 185 0 0 1 6  0 1 29  0 3 46 
Fire station 7 0 0 0 0  0 0 2  0 0 4 
Telecommunication 103 4 5 5 21  5 6 50  5 10 58 
Landfill and wastewater treatment 66 0 0 0 2  0 2 6  0 2 24 
Government property 408 2 2 55 72  3 62 250  11 64 264 
Hospital 192 5 6 13 21  6 14 105  6 17 123 
Day care and nursing home  45 0 0 2 7  0 6 8  0 6 10 
Temple 2,005 27 0 0 392  33 135 950  39 232 1,195 
School 1,139 53 59 86 257  60 120 643  62 147 742 
Transportation  73 22 24 29 34  24 31 55  24 31 55 
Others              
Other building 23,575 1,625 1,758 2,526 5,048  1,848 3,123 8,483  1,930 3,668 10,446 
Total buildings 181,720 5,026 5,578 8,457 22,632  5,930 11,095 60,109  6,297 13,618 76,018 
Land use (Unit : km2) 
  
           
Agricultural use 
  
           
Rice field 12.9 0.0 0.0 0.0 0.9  0.0 0.0 2.6  0.0 0.1 3.3 
Salt field 4.9 2.3 2.6 4.7 4.8  2.8 4.8 4.8  3.4 4.8 4.8 
Cultivated land  43.6 0.0 0.0 0.0 0.7  0.0 0.1 4.1  0.0 0.2 8.3 
Aquaculture  234.9 59.6 65.7 95.9 168.9  69.6 120.4 207.0  73.4 135.7 215.5 
Natural Resources   
   
 
   
 
   
Forestry 17.1 2.1 2.2 2.5 4.4  2.2 2.8 7.8  2.3 3.2 10.7 
Wetland 6.7 0.0 0.0 0.1 0.4  0.1 0.1 1.1  0.1 0.2 1.6 
Others   
   
 
   
 
   
Unused and vacant land 46.7 0.3 0.4 0.8 2.6  0.4 1.1 10.4  0.5 1.3 15.1 
Other land use 12.9 0.0 0.1 0.2 1.5  0.1 0.5 4.3  0.1 0.8 6.1 
Total land use area 379.6 64.3 71.0 104.2 184.3  75.2 130.0 242.3  79.7 146.3 265.4 
Road (Unit : km)              
Concrete 1,201.4 36.7 43.3 88.8 237.1  47.8 140.4 432.4  52.3 163.3 542.2 
Asphalt 1,156.7 4.7 6.4 20.9 125.3  7.8 40.4 397.9  9.5 55.2 529.3 
Gravel and footpath 422.9 422.9 422.9 422.9 422.9 
 
 422.9 422.9 422.9  422.9 422.9 422.9 
Total road length 2,781.0 464.3 472.6 532.6 785.2   478.5 603.6 1,253.1   484.7 641.3 1,494.4 
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Table C.6: Summary statistics of affected building, land use and road for difference scenarios in the Western study site  
      (Sea level rise and storm surge) 
    2011 Sea level rise   Storm surge 
  
 
Base 2050 
 
2080 
 
2100 
 
All Year Low High Worst case   Low High Worst case   Low High Worst case   
Building and housing  (Unit : building)                
Residence                
Residential house and building 130,513 3,208 4,644 4,886 11,423  5,766 7,103 35,157  6,444 9,880 45,934  8,793 
Productivity and commerce                
Factory 8,024 0 4 7 113  11 31 722  18 79 1,503  49 
Wholesale warehouse 1,864 1 1 1 26  2 7 247  3 22 456  14 
Commercial building 8,681 36 61 66 267  89 120 2,303  106 208 2,870  164 
Business  4,313 27 43 46 132  54 76 639  65 104 946  96 
Financial service 57 0 0 0 1  0 0 24  0 1 29  0 
Market 221 0 0 0 4  1 4 10  4 4 11  4 
Plant nursery and livestock housing 237 16 20 22 40  27 34 64  33 39 81  37 
Infrastructure                 
Electricity substation 12 0 0 0 0  0 0 1  0 0 1  0 
Gas station 185 0 1 1 5  1 1 9  1 4 35  3 
Fire station 7 0 0 0 0  0 0 2  0 0 2  0 
Telecommunication 103 4 5 5 15  5 5 42  5 14 50  9 
Landfill and wastewater treatment 66 0 0 0 2  0 1 2  1 2 8  2 
Government property 408 2 36 52 66  57 62 212  58 64 253  64 
Hospital 192 5 8 9 20  13 14 94  13 17 109  17 
Day care and nursing home  45 0 0 0 7  2 6 8  6 6 8  6 
Temple 2,005 27 48 64 302  89 132 849  117 253 1,033  215 
School 1,139 53 73 78 164  91 116 538  102 156 660  142 
Transportation  73 22 27 28 32  30 31 54  31 32 55  31 
Others                
Other building 23,575 1,625 2,168 2,269 4,259  2,615 3,060 7,287  2,817 3,869 8,839  3,607 
Total buildings 181,720 5,026 7,139 7,534 16,878  8,853 10,803 48,264  9,824 14,754 62,883  13,253 
Land use (Unit : km2) 
  
             
Agricultural use 
  
             
Rice field 12.9 0.0 0.0 0.0 0.4  0.0 0.0 2.2  0.0 0.2 2.8  0.0 
Salt field 4.9 2.3 3.9 4.0 4.8  4.8 4.8 4.8  4.8 4.8 4.8  4.8 
Cultivated land  43.6 0.0 0.0 0.0 0.4  0.0 0.1 2.0  0.0 0.3 5.0  0.2 
Aquaculture  234.9 59.6 82.6 86.8 152.5  99.8 118.5 198.7  109.5 142.4 209.4  133.4 
Natural Resources   
   
 
   
 
   
 
 
Forestry 17.1 2.1 2.4 2.4 4.1  2.6 2.8 5.9  2.7 3.6 8.4  3.1 
Wetland 6.7 0.0 0.1 0.1 0.2  0.1 0.1 1.0  0.1 0.2 1.2  0.2 
Others   
   
 
   
 
   
 
 
Unused and vacant land 46.7 0.3 0.6 0.7 1.9  0.8 1.1 5.9  0.9 1.5 11.4  1.3 
Other land use 12.9 0.0 0.1 0.2 1.1  0.2 0.5 3.3  0.3 0.8 4.7  0.7 
Total land use area 379.6 64.3 89.7 94.1 165.4  108.3 127.9 223.8  118.3 153.7 247.7  143.7 
Road (Unit : km)                
Concrete 1,201.4 36.7 65.6 71.7 196.3  96.1 136.4 348.5  117.1 173.0 454.9  159.9 
Asphalt 1,156.7 4.7 13.3 15.6 79.1  23.1 38.2 282.0  29.2 63.0 422.0  52.3 
Gravel and footpath 422.9 422.9 422.9 422.9 422.9  422.9 422.9 422.9  422.9 422.9 422.9  422.9 
Total road length 2,781.0 464.3 501.7 510.2 698.3   542.0 597.5 
 
1,053.4   569.3 658.9 1,299.8   635.1 
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Table C.7: Summary statistics of affected building, land use and road for difference scenarios in the Western study site  
     (Sea level rise + uniform land subsidence and sea level rise + storm surge) 
    2011 Sea level rise and uniform land subsidence 
 
Sea level rise and storm surge  
Base 2050 
 
2080 
 
2100 
 
2050 
 
2080 
 
2100 
All Year Low High   Low High   Low High   Low High   Low High   Low High 
Building and housing  (Unit : building)                    
Residence                    
Residential house and building 130,513 3,208 6,851 40,185  11,050 69,160  16,187 87,412  6,193 26,161  7,779 45,332  9,053 54,597 
Productivity and commerce                    
Factory 8,024 0 25 1,003  103 3,236  185 5,114  17 383  38 1,436  54 2,206 
Wholesale warehouse 1,864 1 6 323  26 660  63 864  3 140  8 439  15 548 
Commercial building 8,681 36 120 2,562  248 4,511  485 5,928  99 1,462  140 2,812  177 3,455 
Business  4,313 27 73 766  125 1,745  201 2,389  58 375  90 928  97 1,262 
Financial service 57 0 0 25  1 38  3 43  0 15  0 29  0 34 
Market 221 0 4 10  4 32  5 41  2 8  4 11  4 25 
Plant nursery and livestock housing 237 16 34 70  39 149  45 182  33 51  35 81  38 131 
Infrastructure                     
Electricity substation 12 0 0 1  0 8  0 10  0 1  0 1  0 4 
Gas station 185 0 1 13  5 68  6 100  1 6  2 35  3 46 
Fire station 7 0 0 2  0 4  0 5  0 1  0 2  0 2 
Telecommunication 103 4 5 45  15 65  21 83  5 36  7 50  10 58 
Landfill and wastewater treatment 66 0 1 3  2 31  2 63  1 2  2 8  2 24 
Government property 408 2 62 228  66 286  75 323  57 145  63 252  64 263 
Hospital 192 5 13 101  19 136  21 149  13 48  15 108  17 123 
Day care and nursing home  45 0 6 8  7 17  7 23  5 7  6 8  6 10 
Temple 2,005 27 128 902  293 1,406  400 1,656  106 689  156 1,006  232 1,188 
School 1,139 53 112 614  162 795  258 890  99 440  124 655  147 739 
Transportation  73 22 31 55  32 55  34 56  31 45  31 55  31 55 
Others                    
Other building 23,575 1,625 2,966 7,883  4,196 12,432  5,097 16,183  2,756 6,240  3,279 8,724  3,668 10,337 
Total buildings 181,720 5,026 10,438 54,799  16,393 94,834  23,095 121,514  9,479 36,255  11,779 61,972  13,618 75,107 
Land use (Unit : km2) 
  
                 
Agricultural use 
  
                 
Rice field 12.9 0.0 0.0 2.4  0.0 3.6  0.9 4.0  0.0 1.7  0.0 2.7  0.1 3.3 
Salt field 4.9 2.3 4.8 4.8  4.8 4.8  4.8 4.8  4.8 4.8  4.8 4.8  4.8 4.8 
Cultivated land  43.6 0.0 0.1 2.9  0.1 13.4  0.7 21.8  0.0 1.2  0.2 4.8  0.2 8.1 
Aquaculture  234.9 59.6 115.3 202.9  115.3 221.5  169.9 226.5  105.8 188.6  124.2 208.6  135.7 215.2 
Natural Resources   
  
 
  
 
  
 
  
 
  
 
  
Forestry 17.1 2.1 2.8 6.8  2.8 13.2  4.4 15.2  2.6 5.1  2.9 8.2  3.2 10.6 
Wetland 6.7 0.0 0.1 1.0  0.1 2.8  0.4 3.6  0.1 0.8  0.1 1.2  0.2 1.5 
Others   
  
 
  
 
  
 
  
 
  
 
  
Unused and vacant land 46.7 0.3 1.0 8.2  1.0 19.4  2.7 25.7  0.9 4.4  1.2 11.1  1.3 14.8 
Other land use 12.9 0.0 0.4 3.7  0.4 7.6  1.5 9.5  0.3 2.5  0.6 4.6  0.8 6.0 
Total land use area 379.6 64.3 124.5 232.7  124.5 286.5  185.4 311.1  114.5 209.2  134.0 246.0  146.3 264.3 
Road (Unit : km)                    
Concrete 1,201.4 36.7 129.1 389.9  129.1 636.7  239.4 765.4  109.4 300.3  147.8 448.2  163.3 536.0 
Asphalt 1,156.7 4.7 35.1 345.9  35.1 675.7  128.3 859.3  26.7 206.6  44.2 415.1  55.2 521.1 
Gravel and footpath 422.9 422.9 422.9 422.9  422.9 422.9  422.9 422.9  422.9 422.9  422.9 422.9  422.9 422.9 
Total road length 2,781.0 464.3 587.1 1,158.7   587.1 1,735.2   790.5 2,047.6   559.0 929.8   614.9 1,286.2   641.3 1,480.0 
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Table C.8: Summary statistics of affected building, land use and road for difference scenarios in the Western study site  
     (Sea level rise + uniform land subsidence + storm surge) 
    2011 Sea level rise with uniform land subsidence and storm surge 
 
         
Base 2050 
 
2080 
 
2100 
 
        
All Year Low High   Low High   Low High           
Building and housing  (Unit : building)                    
Residence                    
Residential house and building 130,513 3,208 9,601 48,404  17,779 76,718  27,681 96,370          
Productivity and commerce                    
Factory 8,024 0 65 1,785  204 4,384  416 5,579          
Wholesale warehouse 1,864 1 20 478  72 744  151 1,047          
Commercial building 8,681 36 196 3,050  592 5,357  1,641 6,427          
Business  4,313 27 99 1,038  220 2,124  410 2,633          
Financial service 57 0 0 29  3 41  16 51          
Market 221 0 4 19  6 39  9 44          
Plant nursery and livestock housing 237 16 39 94  45 162  55 194          
Infrastructure                     
Electricity substation 12 0 0 1  0 10  1 10          
Gas station 185 0 3 35  6 83  7 112          
Fire station 7 0 0 2  0 5  1 5          
Telecommunication 103 4 13 51  21 67  37 89          
Landfill and wastewater treatment 66 0 2 13  2 51  2 64          
Government property 408 2 64 259  85 303  155 331          
Hospital 192 5 17 118  22 141  56 163          
Day care and nursing home  45 0 6 8  7 21  7 29          
Temple 2,005 27 250 1,075  419 1,515  724 1,736          
School 1,139 53 156 709  287 823  466 962          
Transportation  73 22 32 55  34 55  48 56          
Others                    
Other building 23,575 1,625 3,808 9,300  5,281 14,049  6,421 17,888          
Total buildings 181,720 5,026 14,375 66,523  25,085 106,692  38,304 133,790          
Land use (Unit : km2) 
  
                 
Agricultural use 
  
                 
Rice field 12.9 0.0 0.1 2.9  1.0 3.8  1.8 4.4          
Salt field 4.9 2.3 4.8 4.8  4.8 4.8  4.8 4.9          
Cultivated land  43.6 0.0 0.2 5.8  0.8 16.7  1.3 25.0          
Aquaculture  234.9 59.6 140.2 211.8  173.4 224.2  190.6 227.7          
Natural Resources   
  
 
  
 
  
         
Forestry 17.1 2.1 3.5 9.2  4.5 14.3  5.2 15.5          
Wetland 6.7 0.0 0.2 1.2  0.4 3.2  0.9 4.0          
Others   
  
 
  
 
  
         
Unused and vacant land 46.7 0.3 1.4 12.5  3.0 22.2  4.6 28.3          
Other land use 12.9 0.0 0.8 5.1  1.6 8.6  2.6 10.3          
Total land use area 379.6 64.3 151.3 253.4  189.6 297.9  211.9 319.9          
Road (Unit : km)                    
Concrete 1,201.4 36.7 168.9 482.6  249.9 685.6  306.3 842.8          
Asphalt 1,156.7 4.7 60.2 453.0  139.2 760.5  219.7 910.7          
Gravel and footpath 422.9 422.9 422.9 422.9  422.9 422.9  422.9 422.9          
Total road length 2,781.0 464.3 652.0 1,358.5   812.0 1,869.0   949.0 2,176.4           
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Figure D.1: Sensitivity analysis to roughness for different resolutions, drainage capacity = 10 mm/h 
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Figure D.2: Sensitivity analysis to roughness for different resolutions, drainage capacity = 20 mm/h
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Figure D.3: Effect of roughness values Manning’s n=0.01 to 0.1 on the 5m DEM for 
the drainage capacity of 15 mm/h 
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Figure D.3 (Continued) 
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Figure D.3 (Continued) 
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Figure D.3 (Continued) 
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n = 0.01   n = 0.02   n = 0.03   n = 0.04   n = 0.05 
 
Figure D.4: Sensitivity to mesh resolution for different roughness values, drainage capacity = 10 mm/hour, Ref n=0.01 
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Figure D.4 (Continued) 
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Figure D.5: Sensitivity to mesh resolution for different roughness values, drainage capacity = 20 mm/hour, Ref n=0.01 
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Figure D.5 (Continued) 
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Figure D.6: Effects of model resolution (a) 5 m DEM, (b) 10 m DEM and (c) 20 m 
DEM for the drainage capacity of 10 mm/h 
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Figure D.7: Effects of model resolution (a) 5 m DEM, (b) 10 m DEM and (c) 20 m 
DEM for the drainage capacity of 20 mm/h
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Figure D.8:Time series of water depths for different land subsidence scenarios and return period of rainfall  
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Figure D.8 (Continued) 
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Figure D.8 (Continued) 
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Figure D.8 (Continued) 
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Figure E.1: Prediction of maximum inundation extent of simulations based on DEM in 2011 for the rainfall event in 2011 
Appendix E: Flood hazard maps (Surface water flood modelling)
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Figure E.2: As Figure F.1 but for 2-year return period rainfall 
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Figure E.3: As Figure F.1 but for 5-year return period rainfall 
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Figure E.4: As Figure F.1 but for 10-year return period rainfall 
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Figure E.5: As Figure F.1 but for 20-year return period rainfall 
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Figure E.6: As Figure F.1 but for 50-year return period rainfall 
Appendix E: Flood hazard maps (Surface water flood modelling)
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Figure E.7: As Figure F.1 but for 100-year return period rainfall
Appendix E: Flood hazard maps (Surface water flood modelling)
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Lists of scenarios for flood risk map (Surface water flood modelling 
1. 2011 rainfall event 
2. 2-year return rainfall  
3. 5-year return rainfall  
4. 10-year return rainfall  
5. 20-year return rainfall  
6. 50-year return rainfall  
7. 100-year return rainfall  
8. Land subsidence 2050 + 2011 rainfall event 
9. Land subsidence 2050 + 2-year return rainfall  
10. Land subsidence 2050 + 5-year return rainfall  
11. Land subsidence 2050 + 10-year return rainfall  
12. Land subsidence 2050 + 20-year return rainfall  
13. Land subsidence 2050 + 50-year return rainfall  
14. Land subsidence 2050 + 100-year return rainfall  
15. Land subsidence 2080 + 2011 rainfall event 
16. Land subsidence 2080 + 2-year return rainfall  
17. Land subsidence 2080 + 5-year return rainfall  
18. Land subsidence 2080 + 10-year return rainfall  
19. Land subsidence 2080 + 20-year return rainfall  
20. Land subsidence 2080 + 50-year return rainfall  
21. Land subsidence 2080 + 100-year return rainfall  
22. Land subsidence 2080 + 2011 rainfall event 
23. Land subsidence 2080 + 2-year return rainfall  
24. Land subsidence 2080 + 5-year return rainfall  
25. Land subsidence 2080 + 10-year return rainfall  
26. Land subsidence 2080 + 20-year return rainfall  
27. Land subsidence 2080 + 50-year return rainfall  
28. Land subsidence 2080 + 100-year return rainfall  
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Table F.1: Summary statistics of affected building, land use and road for difference scenarios of the surface water flood modelling 
  
  DEM 2011   Distributed Land Subsidence 2050 
 Return Period of Rainfall  Return Period of Rainfall 
All R2011 RT-2yr RT-5yr RT-10yr RT-20yr RT-50yr RT-100yr   R2011 RT-2yr RT-5yr RT-10yr RT-20yr RT-50yr RT-100yr 
Building and housing  (Unit : building)                 
Residence                 
Residential house and building 35,083 1,056 929 1,169 1,299 1,404 1,530 1,678  1,021 934 1,135 1,263 1,369 1,534 1,667 
Productivity and commerce                 
Factory 350 10 10 10 10 11 12 13  9 9 10 10 11 11 13 
Wholesale warehouse 786 59 52 69 72 79 85 92  52 48 61 69 81 86 93 
Commercial building 7,065 408 377 439 491 527 583 622  404 376 438 480 518 574 618 
Business  3,333 143 132 156 169 182 189 201  138 126 150 173 185 192 200 
Financial service 91 0 0 1 1 1 1 1  1 0 1 1 1 1 1 
Market 28 2 2 3 3 3 3 3  2 2 3 3 3 3 3 
Plant nursery and livestock housing 5 0 0 0 0 0 0 0  0 0 0 0 0 0 0 
Infrastructure                  
Electricity substation 14 0 0 0 0 0 0 0  0 0 0 0 0 0 0 
Gas station 48 4 3 4 5 5 5 5  4 4 6 6 6 6 6 
Fire station 4 0 0 0 0 0 0 0  0 0 0 0 0 0 0 
Telecommunication 47 3 3 3 3 3 4 4  3 3 3 3 3 4 4 
Landfill and wastewater treatment 7 2 2 2 2 2 2 2  2 2 2 2 2 2 2 
Government property 545 31 25 32 37 39 43 46  31 27 32 36 41 41 45 
Hospital 88 3 2 7 10 10 11 11  3 2 8 10 10 11 11 
Day care and nursing home  16 3 3 3 3 3 3 3  3 3 3 3 3 3 3 
Temple 263 9 7 10 10 11 11 11  7 7 9 10 11 11 11 
School 576 16 15 16 20 22 24 25  14 13 18 21 23 26 26 
Transportation  38 6 6 8 11 11 12 12  5 5 7 10 11 12 12 
Others                 
Other building 4,931 500 439 568 632 678 757 801  483 428 558 622 678 751 801 
Total buildings 53,318 2,255 2,007 2,500 2,778 2,991 3,275 3,530  2,182 1,989 2,444 2,722 2,956 3,268 3,516 
Land use (Unit : km2)                 
Agricultural use                 
Cultivated land  0.16 0.05 0.04 0.06 0.07 0.08 0.09 0.09  0.05 0.04 0.06 0.07 0.08 0.09 0.09 
Others                 
Unused and vacant land 0.65 0.17 0.14 0.20 0.24 0.27 0.31 0.35  0.17 0.14 0.20 0.24 0.27 0.31 0.35 
Other land use 1.20 0.29 0.24 0.35 0.41 0.46 0.51 0.56  0.29 0.24 0.35 0.41 0.45 0.50 0.55 
Total land use area 2.00 0.51 0.43 0.61 0.72 0.81 0.91 1.00  0.51 0.43 0.61 0.72 0.81 0.90 0.99 
Road (Unit : km)                 
Concrete 201.4 79.0 71.4 87.1 94.7 100.8 106.6 111.6  77.7 70.4 85.5 93.3 99.7 105.5 110.4 
Asphalt 221.1 79.8 72.1 88.8 97.6 104.7 111.8 118.2  78.9 71.4 88.1 96.8 103.9 111.0 117.8 
Gravel and footpath 5.9 3.1 2.9 3.5 3.8 4.0 4.1 4.3  3.1 2.7 3.5 3.7 3.9 4.1 4.2 
Total road length 428.4 162.0 146.4 179.3 196.1 209.4 222.5 234.0   159.7 144.6 177.1 193.8 207.5 220.6 232.4 
Table F.1: Summary statistics of affected building, land use and road for difference scenarios of the surface water flood modelling (Continued)  
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  Distributed Land Subsidence 2080   Distributed Land Subsidence 2100 
 Return Period of Rainfall  Return Period of Rainfall 
All R2011 RT-2yr RT-5yr RT-10yr RT-20yr RT-50yr RT-100yr   R2011 RT-2yr RT-5yr RT-10yr RT-20yr RT-50yr RT-100yr 
Building and housing  (Unit : building)                 
Residence                 
Residential house and building 35,083 1,012 906 1,122 1,262 1,368 1,522 1,638  999 914 1,131 1,262 1,368 1,516 1,622 
Productivity and commerce                 
Factory 350 9 9 9 10 11 11 12  9 9 9 9 10 11 11 
Wholesale warehouse 786 52 47 59 67 77 86 90  51 49 55 66 76 83 89 
Commercial building 7,065 410 380 443 479 517 568 608  408 378 442 480 513 562 603 
Business  3,333 140 123 153 170 183 193 199  138 126 152 172 180 191 198 
Financial service 91 1 0 1 1 1 1 1  1 0 1 1 1 1 1 
Market 28 2 2 3 3 3 3 3  2 2 3 3 3 3 3 
Plant nursery and livestock housing 5 0 0 0 0 0 0 0  0 0 0 0 0 0 0 
Infrastructure                  
Electricity substation 14 0 0 0 0 0 0 0  0 0 0 0 0 0 0 
Gas station 48 4 4 5 6 6 6 6  5 4 5 5 6 6 6 
Fire station 4 0 0 0 0 0 0 0  0 0 0 0 0 0 0 
Telecommunication 47 3 3 3 3 4 4 4  3 3 3 3 4 4 4 
Landfill and wastewater treatment 7 2 2 2 2 2 2 2  2 2 2 2 2 2 2 
Government property 545 32 29 32 38 43 43 45  32 28 33 39 42 44 45 
Hospital 88 5 2 8 10 11 11 11  5 2 7 8 11 11 11 
Day care and nursing home  16 3 3 3 3 3 3 3  3 3 3 3 3 3 3 
Temple 263 8 7 9 10 11 11 11  7 7 9 10 11 11 11 
School 576 15 14 16 20 21 25 26  14 14 17 18 20 24 25 
Transportation  38 5 5 5 6 10 12 12  5 5 5 6 9 10 12 
Others                 
Other building 4,931 470 426 548 610 668 738 789  476 415 527 595 658 730 780 
Total buildings 53,318 2,173 1,962 2,421 2,700 2,939 3,239 3,460  2,160 1,961 2,404 2,682 2,917 3,212 3,426 
Land use (Unit : km2)                 
Agricultural use                 
Cultivated land  0.16 0.05 0.04 0.06 0.07 0.07 0.08 0.09  0.04 0.04 0.05 0.06 0.07 0.08 0.09 
Others                 
Unused and vacant land 0.65 0.17 0.14 0.20 0.24 0.27 0.31 0.35  0.17 0.14 0.20 0.23 0.27 0.30 0.34 
Other land use 1.20 0.28 0.24 0.34 0.40 0.44 0.48 0.53  0.28 0.24 0.33 0.39 0.43 0.47 0.51 
Total land use area 2.00 0.50 0.42 0.60 0.70 0.79 0.88 0.96  0.49 0.42 0.59 0.68 0.77 0.86 0.94 
Road (Unit : km)                 
Concrete 201.4 76.7 69.5 84.6 92.3 98.5 104.3 109.6  75.6 68.7 83.5 91.4 97.5 103.5 108.9 
Asphalt 221.1 77.9 70.4 87.0 96.0 103.0 110.1 116.9  77.3 69.7 86.1 95.1 102.1 109.2 115.8 
Gravel and footpath 5.9 3.0 2.6 3.4 3.7 3.9 4.0 4.2  2.9 2.6 3.3 3.6 3.8 4.0 4.1 
Total road length 428.4 157.6 142.6 175.0 191.9 205.3 218.5 230.8   155.8 141.0 173.0 190.1 203.4 216.7 228.9 
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Figure G.1: Annual maximum flow at (a) C.2, (b) C.13, (c) C.7A, (d) C.35, (e) C.36, 
(f) C.37, and (g) S.5 station 
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Figure G.2 (Continued) 
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Figure G.3 (Continued) 
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Figure G.2: Annual maximum water level at (a) C.2, (b) C.13, (c) C.7A, (d) C.35, (e) 
C.36, (f) C.37, (g) S.5, (h) C.22, (i) C.12, and (j) C.4 station 
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Figure G.2 (Continued) 
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Figure G.2 (Continued) 
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Figure G.2 (Continued) 
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Figure G.3: Discharge in cubic meter per second at (a) C.2, (b) C.13, (c) C.7A, (d) 
C.35, (e) C.36, (f) C.37, and (g) S.5 gauging station 
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Figure G.3 (Continued) 
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Figure G.3 (Continued) 
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Lists of scenarios for flood hazard map (Fluvial flood modelling)   
1. Baseline event 
2. 20% increase in river flow 
3. 40% increase in river flow 
4. Sea level rise 2050 
5. Sea level rise 2080 
6. Sea level rise 2100 
7. Land subsidence 2050 
8. Land subsidence 2080 
9. Land subsidence 2100 
10. Sea level rise + Land subsidence 2050 
11. Sea level rise + Land subsidence 2080 
12. Sea level rise + Land subsidence 2100 
13. 20% increase in river flow + Sea level rise 2080 
14. 40% increase in river flow + Sea level rise 2080 
15. 20% increase in river flow + Land subsidence 2080 
16. 40% increase in river flow + Land subsidence 2080 
17. 20% increase in river flow + Sea level rise + Land subsidence 2080 
18. 40% increase in river flow + Sea level rise + Land subsidence 2080 
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and road (Fluvial flood modelling) 
 
Appendix I: Summary statistics of affected building, land use and road (Fluvial flood modelling)
 
 
459 
Table I.1: Summary statistics of affected building, land use and road for difference scenarios  
 
 
 2011  Increased River 
Flow 
 
Sea level rise 
 
Land Subsidence 
 Sea level rise and Land 
Subsidence  Base     
All Year  +20% +40%  2050 2080 2100  2050 2080 2100  2050 2080 2100 
Building and housing (Unit: building)                  
Residence                  
Residential house and building 55,155 9,894  26,206 51,408  13,401 17,202 23,522  9,736 9,875 10,028  13,198 17,792 25,841 
Productivity and commerce                  
Factory 377 54  147 364  81 101 122  55 57 61  79 106 165 
Wholesale warehouse 127 28  63 125  37 48 58  28 30 31  40 50 67 
Commercial building 4,524 508  1,749 4,124  941 1,297 1,633  459 362 348  890 1,260 1,700 
Business 974 96  351 887  130 181 314  99 95 92  124 186 318 
Financial service 33 2  19 32  5 8 19  2 2 2  6 8 18 
Market 8 2  2 6  2 2 2  2 1 1  2 2 2 
Plant nursery and livestock housing 71 24  60 70  34 46 56  23 24 25  31 41 55 
Infrastructure                  
Electricity substation 1 0  0 1  0 0 0  0 0 0  0 0 0 
Gas station 53 0  6 31  0 4 5  0 0 0  0 4 6 
Fire station 5 4  4 5  4 4 4  4 4 4  4 4 5 
Telecommunication 34 1  13 34  3 6 13  0 0 0  1 7 16 
Landfill and wastewater treatment 2 0  1 2  0 1 1  0 0 0  0 1 2 
Government property 642 337  485 594  366 416 465  335 325 337  369 408 462 
Hospital 49 23  42 48  31 38 42  22 23 25  31 40 42 
Day care and nursing home 75 9  23 59  10 13 23  9 9 9  9 11 14 
Temple 950 557  786 940  658 699 773  514 484 471  626 672 727 
School 282 113  209 295  141 174 200  107 104 102  134 168 200 
Transportation 5 0  0 3  0 0 0  0 0 0  0 0 0 
Others                  
Other building 5,356 1,973  3,352 5,172  2,226 2,570 3,178  1,893 1,866 1,853  2,219 2,625 3,348 
Total buildings 68,723 13,625  33,518 64,200  18,070 22,810 30,430  13,288 13,261 13,389  17,763 23,385 32,988 
Land use (Unit : km2)                  
Agricultural use                  
Rice Field 1.02 0.09  0.72 0.98  0.09 0.09 0.52  0.09 0.08 0.08  0.09 0.09 0.10 
Cultivated land 13.75 4.18  7.81 12.51  4.39 5.19 7.07  3.88 3.79 3.71  4.26 5.20 7.06 
Aquaculture 0.04 0.02  0.04 0.04  0.02 0.02 0.03  0.02 0.02 0.02  0.02 0.02 0.03 
Others                  
Unused and vacant land 5.91 1.91  2.97 4.87  1.98 2.09 2.68  1.85 1.83 1.81  1.94 2.11 2.56 
Other land use 31.01 6.14  14.50 28.66  7.95 10.09 13.20  6.06 6.10 6.18  7.85 10.35 14.39 
Total land use area 51.73 12.34  26.03 47.06  14.44 17.48 23.51  11.89 11.82 11.80  14.17 17.77 24.15 
Road (Unit : km)                  
Concrete 489.0 8.0  31.2 69.8  10.2 13.2 21.6  7.1 6.9 6.9  8.8 12.8 20.3 
Asphalt 94.5 57.7  180.2 440.3  82.7 111.7 156.5  54.3 54.6 55.4  80.7 111.7 175.6 
Gravel and footpath 40.4 5.8  19.3 38.9  8.7 10.8 16.9  4.9 4.8 5.0  8.4 10.9 14.5 
Total road length 624.0 71.5  230.7 549.0  101.6 
 
135.7 195.0  66.3 66.3 67.3  98.0 135.4 210.4 
 Table I.2: Summary statistics of affected building, land use and road for difference scenarios (Continued) 
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 2011  Increased Flow with sea level rise and land subsidence 
 
 
 
 
 
 
    
 Base  SLR-2080  LS-2080  SLR-2080 + LS-
2080 
    
All Year  BS + 
20% 
BS + 
40% 
 BS + 
20% 
BS + 
40% 
 BS + 
20% 
BS + 
40% 
    
Building and housing (Unit : building)                
Residence                
Residential house and building 55,155 9,894  44,506 53,427  28,203 51,655  48,865 53,805     
Productivity and commerce                
Factory 377 54  301 375  175 360  302 375     
Wholesale warehouse 127 28  111 126  72 125  121 126     
Commercial building 4,524 508  3,434 4,378  1,831 4,210  3,762 4,401     
Business 974 96  729 944  337 903  815 948     
Financial service 33 2  28 33  19 31  30 33     
Market 8 2  5 8  2 7  6 8     
Plant nursery and livestock housing 71 24  67 70  57 69  69 70     
Infrastructure                
Electricity substation 1 0  1 1  0 1  1 1     
Gas station 53 0  24 43  7 35  24 42     
Fire station 5 4  5 5  5 5  5 5     
Telecommunication 34 1  23 34  17 34  25 34     
Landfill and wastewater treatment 2 0  2 2  2 2  2 2     
Government property 642 337  541 632  484 625  551 636     
Hospital 49 23  48 49  43 48  47 49     
Day care and nursing home 75 9  54 60  22 59  55 60     
Temple 950 557  911 949  747 930  912 948     
School 282 113  273 296  204 296  276 296     
Transportation 5 0  0 5  0 5  0 5     
Others                
Other building 5,356 1,973  4,748 5,295  3,481 5,153  4,887 5,288     
Total buildings 68,723 13,625  55,811 66,732  35,708 64,553  60,755 67,132     
Land use (Unit : km2)                
Agricultural use                
Rice Field 1.02 0.09  0.89 1.02  0.10 0.93  0.71 0.99     
Cultivated land 13.75 4.18  11.35 13.39  7.41 12.37  11.21 13.28     
Aquaculture 0.04 0.02  0.04 0.04  0.03 0.04  0.04 0.04     
Others                
Unused and vacant land 5.91 1.91  3.88 5.63  2.66 4.96  4.24 5.56     
Other land use 31.01 6.14  24.52 30.11  15.52 28.88  26.35 30.22     
Total land use area 51.73 12.34  40.68 50.19  25.73 47.18  42.54 50.08     
Road (Unit : km)                
Concrete 489.0 8.0  51.5 87.6  22.9 70.6  51.5 86.6     
Asphalt 94.5 57.7  362.1 471.8  196.4 444.7  399.5 472.7     
Gravel and footpath 40.4 5.8  35.2 40.0  16.2 38.9  35.0 40.0     
Total road length 624.0 71.5  448.9 599.4  235.5 554.2  486.0 599.3     
 
